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Abstract
In the environmental monitoring field there is a vast variety of possible ap-
plications for microfabricated MEMS sensors. As an example, a network of
miniaturized sensors could detect toxic gases, harmful airbornes, explosives
in air or, in liquid, monitor the quality of drinking water. The integration
of miniaturized MEMS mass sensors into lab on chip systems will lead to
point of care systems designed to be inexpensive, portable, and field-ready
with high sensitivity and specificity.
One of the most common techniques to transduce the interaction between
the sensor and the target chemical species is by monitoring the target mass,
that is continuously deposited or removed from the sensor’s surface, while
the sensor’s structure vibrates in resonance.
This thesis presents the development of MEMS mass sensors based on me-
chanical microresonators in the very high frequency range 12-132 MHz. This
devices can be operated in gaseous environments thanks to the high Q-
factors and show very high mass sensitivities and very small mass resolu-
tions. The resonators have been microfabricated at the DTU-Danchip facility
exploiting the microfabrication knowledge already present in the DyNEMS
group.
The devices have been characterized in terms of electrical properties and
mass sensing performance. Chemical and biological mass sensing experi-
ments have been performed in order to investigate the behavior of these
devices in different environments. The microresonators have been used to
detect copper ions in drinking water and as temperature sensors in humid
environment. Moreover, they have been used as tool to investigate the in-
teraction between water molecules and DNA. Finally, nanograss have been
etched into the body of the microresonators in order to improve the mass
sensitivy of the devices.
On the whole, the experimental results demonstrate that new and highly
sensitive mass sensing systems, based on the MEMS microresonators pre-
sented in this thesis, could be developed.
iv
Dansk Resume
Indenfor miljovervgning er der en lang rkke af mulige anvendelsesomrder for
mikro-fabrikeret MEMS sensorer. For eksempel kan et netvrk af miniaturis-
erede sensorer blive brugt til at detektere giftige gasser, skadelige luftbrne
partikler, sprngstof i luften eller vand eller overvge kvaliteten af drikkevand.
Integrering af miniaturiserede MEMS masse sensorer i lab-on-a-chip syste-
mer vil fre til point of care systemer, som er designet til at vre billige, brbare
og klar til brug og som har en hj flsomhed og specificitet.
En af de mest almindelige teknikker til at omdanne interaktionen mellem
en sensor og dens kemiske analyt er ved at mle den masse som kontinuerligt
bliver deponeret eller fjernet fra sensorens overflade, mens sensorstrukturen
vibrerer ved dens resonans frekvens.
Denne afhandling prsenterer udviklingen af en MEMS masse sensor, som er
baseret p mekaniske mikro-resonatorer med meget hje resonans frekvenser, i
omrdet fra 12-132 MHz. Takket vre den hje Q-faktor kan disse sensorer an-
vendes ved atmosfrisk tryk, hvor de viser en hj masse flsomhed og en meget
lille masse oplselighed. Den eksisterende viden indenfor mikro-processering,
i DyNEMS gruppen, er blevet udnyttet i forbindelse med fremstilling af res-
onatorerne, der er forget hos DTU-Danchip.
Resonatorerne er blevet karakteriseret med hensyn til deres elektriske egen-
skaber og deres evne til detekterer masse. Kemiske og biologisk masse de-
tektions forsg er blevet udfrt for at undersge hvordan sensorerne opfre sig
i forskellige miljer. Mikro-resonatorerne er blevet brugt i forbindelse med
detektion af kobber ioner i drikkevand og som temperatur sensorer i fugtige
miljer. Endvidere er de blevet brugt i forbindelse med undersgelsen af inter-
aktionen mellem DNA og vand molekyler. Endelig er der blevet tset nano-grs
ned i selve resonatorerne for at forge deres masse flsomheden.
Samlet set har de eksperimentelle resultater vist, at et nyt og yderst flsomt
masse detekterings systems, baseret p den type MEMS mikro-resonator, som
er blevet prsenteret i denne afhandling, kan udvikles.
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Introduction
In the early 80s one of the first examples of a commercial application of
MEMS (Micro Electrical Mechanical System) devices was reported. A mi-
crofabricated accelerometer was integrated into car electronics, in order to
trigger an airbag in case of severe crash [1]. Nowadays, a car includes up
to 50 sensors that help regulate and monitor various car functions [2]. In
order to cut the sensor cost and improve the sensing performance many
devices are now microfabricated. In the last years the exponential growth
concerning the integration of miniaturized sensors has not been limited to
the automotive industry, but has expanded into almost every consumer elec-
tronic device. Only in 2010 the MEMS industry grew by 25%, reaching 8.6
billion dollars in sales. In Figure 1.1 the world’s top 30 companies involved
in MEMS are shown [3]. The scientific research on MEMS sensors is focused
Figure 1.1: World’s top 30 companies in the MEMS industry in 2010
on three different areas: physical, chemical and biological sensing. In physi-
cal sensing, quantities such as force, charge, mass loading and temperature
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are monitored, thanks to a transducing element that interacts directly with
the environment. Chemical sensing includes not only the transduction of
the physical quantities but also the specificity of the chemical reaction that
happens typically, between a capture layer and the target molecule. When
the chemical species involved in the detection are biological relevant, e.g.
DNA chains or proteins, the sensor is called biosensor. The integration of
miniaturized MEMS biosensor into lab on chip systems will lead to point of
care systems designed to be inexpensive, portable with high specificity and
sensitivity.
On the environmental monitoring point of view there is a vast variety of
possible applications for MEMS sensors. As an example, a network of minia-
turized sensors could detect toxic gases, harmful airbornes, explosives in air
or, in liquid, monitoring the quality of drinking water or level of pesticides,
etc. [4] [5] [6] [7] [8] [9].
One of the most common techniques to transduce the interaction between
the sensor and the target chemical species is by monitoring the target mass,
that is continuously adsorbed or removed from the sensor’s surface, while
the sensor’s structure vibrates in resonance. In the next section the working
principle of such mass sensor will be introduced.
1.1 Resonator technologies for mass sensing
The working principle of mass detection through a resonator is based on the
dependence of its resonance frequency on the mass of the resonant structure.
Any added mass on the resonator surface induces a downwards frequency
shift, due to the change in the kinetic energy. This concept is illustrated
in Figure 1.2 for a cantilever structure, but the same principle applies to
any geometry. However, the resonance frequency is not only affected by the
added mass, but also depends on the change of several other physical prop-
erties of the structure. For example, the resonance frequency depends on the
change in the surface stress, on the temperature of the resonating structure
due to material dependence and on the changes of the stiffness due to non-
linear softening/hardening effects. These effects and their impacts on the
mass sensing experiments performed will be discussed in this thesis.
The mass resolution is categorized in point mass resolution (PMR) and
distributed mass resolution (DMR). The PMR is the minimum detectable
mass, whereas the DMR is the minimum detectable mass per unit area. Fol-
lowing the definition for the resolutions the sensitivities are defined as point
mass sensitivity (PMS) and distributed mass sensitivity(DMS), measured in
Hz/g and Hzm2/g respectively. The DMS and the related resolution have to
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be considered when a large part of the sensor’s surface is involved in cap-
turing the target and the quantity under investigation is proportional to the
amount of mass per surface unit. This is the case for many applications such
as thickness monitoring of thin films, concentration measurement of VOC
or explosives in air. The PMS and the related resolution must be used when
single landing events on the resonator’s surface should be registered. This is
the case for many applications such as nanoparticles detection in air, mass
spectrometry and single virus detection.
The point and distributed mass sensitivities of the resonance frequency to
the change of mass are proportional to the resonance frequency f0 itself as
expressed by
PMS =
f0
2meff
and by
DMS =
f0
2meff
Aeff
, where meff and Aeff are quantities proportional to the mass of the res-
onator and the capturing area of the resonator respectively. Thereby, the
miniaturization of the resonator geometry, using micro- and nanofabrication,
enables a dramatic improvement in the point mass sensitivity compared to
microscopic structures. For distributed mass sensitivity this is still valid, but
the total capturing area is also very important. In the next chapter the two
sensitivity definitions will be derived and discussed.
In the next sections an overview of the state of the art devices for mass
sensing based on resonant structures is presented.
Figure 1.2: Working principle of mass sensing based on resonance frequency monitor-
ing.(a) The resonator before the mass deposition vibrates at frequency f0.(b) After the
deposition the resonator vibrates at frequency f1<f0.(c) The shift in the resonant signal
is equal to the change in the resonance frequency. [10]
1.1.1 Quartz Crystal Microbalance
A quartz crystal microbalance (QCM) consists of a thin piezoelectric quartz
disk with metal electrodes on it (see Figure 1.3). An oscillating electric field
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applied across the device induces an acoustic wave that propagates through
the crystal. When the wavelength is a multiple of the double of the crystal
thickness the device is in resonance. This is possible because of the piezo-
electric effect that relates the application of an external electrical field in
a piezoelectric material and the internal mechanical stress produced [11].
The resonance frequency is determined by the thickness of the crystal and
normally the QCM is operated in a frequency range between 1-10 MHz. Os-
cillator circuits are used to extract the resonance frequency of the crystal,
reaching a mass resolution of 0.5 ng/cm2 in liquid [12]. The QCM’s sensitiv-
ity is limited by the minimum thickness that can fabricated without making
them too fragile. In order to overcome this problem, microfabricated QCMs
have been demonstrated showing resolution down to 0.7 ng/cm2 at 70 MHz
in liquid [13]. The QCM was first used as a mass sensor when Sauerbrey
reported a linear relationship between the frequency decrease of an vibrat-
ing quartz crystal and the added mass [14]. In the 1980s, the possibility of
operating the QCM in highly damping liquid media, measuring the den-
sity and the viscosity of the environment, was enabled by new oscillator
technologies [12]. Nowadays, it is common to use a QCM system for the
thin film thickness monitoring for e-beam or sputter type equipments in the
semiconductor industry or for various coating experiments. In biosensing,
commercial uses of QCM are provided by the company Q-Sense, where not
only the resonance frequency but also the dissipation factor of QCM devices
is measured [15]. A main disadvantage of a QCM based mass sensor is that
it can not be fabricated with standard CMOS technology, making difficult
the integration of the sensor with the conditioning electronics, which is a
key point for the development of integrated miniaturized mass sensors.
Figure 1.3: Quartz crystal microbalance
1.1.2 Thin-Film Bulk Acoustic Resonator (FBAR)
Similarly to the QCM technology, which is based on single quartz crystals,
the thin film electro-acoustic technology is based on thin films (1 to 3 µm)
of polycrystalline piezoelectric materials deposited with CMOS compatible
processes(see Figure 1.4). The two typical materials primarily used are AlN
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and ZnO because of their excellent piezoelectric properties and compatibility
with CMOS microfabrication processes [16]. The operation frequency ranges
from few hundred MHz to several GHz. The FBAR resonators have been
initially developed as filters within the RF field and only in the last 10 years
have been used as mass sensors [17]. The FBAR can reach resolutions of few
femtograms as point mass sensor [18]and they have been successfully used
as biosensors in liquid medias [16] [19] and as transducing components in
gas detection systems [20].
(a) Illustration of an FBAR (b) SEM micrograph of an
FBAR
Figure 1.4: FBAR device [18]
1.1.3 Surface Acoustic Wave sensor
In the 1980s, electro-acoustic devices had shown a great potential for many
electronics applications within the high frequency technology. The increas-
ing demands of commercial telecommunication devices pushed for mass-
produced surface acoustic wave devices (SAW) for high-frequency applica-
tions in the range of 100 MHz to a few GHz. SAW devices are based on
interdigital transducers (IDT) that generate and detect acoustic waves on
the surface of a piezoelectric crystal. Since the acoustic wave is mainly con-
fined on the surface the device is very sensitive towards any change on the
surface, such as mass loading. A point mass sensitivity of 3 pg has been
reported [21]. This resolution is inferior compared with miniaturized MEMS
mass sensors, but since SAWs are large devices the areal sensitivity is com-
parable (see table 1.1). By coating a SAW device with a sensitive polymer
layer the possibility to detect organic gases has been demonstrated [22].
Many examples of biosensors based on SAW devices have also been shown,
reaching concentrations in the nM range [23] [24] [25]. A very promising
property of SAW sensors is the possibility of addressing the device remotely
as a wireless passive sensor [26].
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1.1.4 Silicon based resonator for mass sensing
1992 saw one of the first demonstrations of a silicon based mass sensor where
a silicon dioxide cantilever was used to detect the presence on the sensor’s
surface of a mammalian fibroblast, by monitoring the resonance frequency
of the structure [27]. Many examples of silicon resonant flexural-mode-based
mass sensors have been demonstrated since then, reaching point mass resolu-
tions in the subattogram range [28], when operated in vacuum and attogram
resolution when operated in air [29]. Moreover, it has been demonstrated
that the cantilever can also work in a static mode where the static bending
is monitored and correlated to the added mass. The bending is caused by the
surface stress induced by the mass landing on the surface of the device and
many cantilever biosensors based on this static principle have been demon-
strated [30] [31] [32]. In the early works the readout scheme of the deflection
of the cantilever was based on the optical levering method [27], but in the re-
cent years several actuation-readout schemes for micro- and nanocantilevers
have been demonstrated, both for dynamic and for static operational modes:
optical levering and optical waveguide readout [30] [33], piezoresistive and
piezoelectric readout [31] [34], magnetomotive and DVD astigmatism based
readout [35] [36]. So far, not only the cantilever or bridge like geometries
have been studied, but different resonator geometries and materials have
been investigated both for vacuum [37] or liquid environment [38].
In the last ten years the extreme miniaturization resulted in devices with at
least one of the resonator’s dimensions in the nanometer range approach-
ing single molecule detection [39] [37] (see Figure 1.5(a)). It has been also
shown that for such nanodevices, called NEMS (Nano Electrical Mechan-
ical Systems), quantum effects can be relevant [40]. A major drawback of
NEMS mass sensors is their extremely small capturing area, so that, when
such NEMS based mass sensor is used to detect target in very low con-
centrations, the limiting factor might not be the mass resolution, but the
capturing time [41].
In the same years the flexural resonator based mass sensors were developed,
the RF MEMS field has been developing very high resonance frequency and
high Q-factor resonators for RF technology [42] [43] [44] (see Figure 1.5).
The idea is to replace the quartz crystal or SAW as time keeping element or
filter in the front-end wireless electronics [45]. These devices integrate the
actuation and readout using capacitive or piezoresistive techniques, showing
higher frequency and higher Q-factors than flexural type resonators in at-
mospheric conditions [46] and in vacuum as well [47] [44]. They are silicon
based resonators that vibrates in bulk modes such as wine-glass mode or
breathing mode for disk geometries, or extensional mode for beam geome-
tries [48] [47]. The materials are chosen so that a fast integration with the
CMOS technology can be achieved.
In the last few years these devices have been re-engineered as mass sensors,
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(a) Nanocantilever f0=127 MHz [29] (b) Square bulk resonator f0=100MHz
[49]
(c) Bulk disk resonator f0=66MHz [50] (d) Bulk disk resonator f0=5.4MHz [47]
Figure 1.5: SEM micrographs of silicon based resonators
due to their great potential. In fact they present several interesting features:
high Q-factor even at atmospheric pressure (from few thousands up to 8500),
very high frequencies(from 1 MHz up to 1 GHz), the added mass can be di-
rectly related to the frequency shift because the change in the stiffness is
negligible, integrated actuation and readout with standard CMOS process,
medium point mass resolutions, but extremely low distributed mass resolu-
tions (mass per unit area) [51]. Using a bulk mode resonator with integrated
actuation and readout, Hales et. al. demonstrated a longitudinal bar-based
sensor with a point mass resolution of 0.5 fg and a sensitivity of 100 kHz/pg,
while Lee et. al. demonstrated a silicon square bulk resonator-based mass
sensor with a distributed sensitivity of 0.0132 kHzµm2/fg and distributed
mass resolution of 125 pgcm−2 at room temperature in high vacuum [52].
A rectangular bulk mode based mass sensor with two extra platforms has
been shown, with a point mass sensitivity of 0.2 kHz/pg and a Q-factor of
4000 in air [53].
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Device[environment] f0
[MHz]
PMS
[kHz/pg]
DMS
[kHzµm2/fg]
PMR [fg] DMR
[pg/cm2]
[13] [15] [12] QCM[air] 5 0.0059 100 500
[13] micro-QCM[liquid] 66 700
[54] FBAR[liquid] 800 200 1000
[18] FBAR[air] 2300 10000 9
[21] SAW[air] 200 0.0009 9 3000 30
[55] microcantilever[vacuum] 0.08 0.065
[28] nanocantilever[vacuum] 13 5100 0.039 78
[29] nanocantilever[air] 127 ∼700 125 ∼0.0001 31
[52] square resonator[vacuum] 2.18 0.0132 125
[56] LABR[air] 50 100 0.5
DISK of this thesis[air] 66 3.75 5.2 0.130 8.7
DISK of this thesis[air] 132 31.5 11.3 0.059 17
LBAR of this thesis[air] 65 20.6 2.87 0.22 156
Table 1.1: Comparison of mass sensing performance for state of the art devices
1.2 Mass sensitivity comparison
In table 1.1 a comparison of the state of the art performance of the different
mass sensors technologies is found. As can be seen from table 1.1 the range
of DMS is much smaller than the range of PMS(the same goes for the resolu-
tions). This shows that the miniaturization is critical to minimize the point
mass resolution, but for the distributed mass detection applications the to-
tal capturing area plays also a crucial role. However, millions of nanodevice
can be designed in large arrays, thus greatly improving the areal sensitivity.
Although at a cost of an increased complexity arising by operating sensor
arrays compared to employing a single device.
In this thesis the importance of the total capturing area for bulk mode res-
onators mass sensors will be analyzed theoretically and experimentally.
1.3 Thesis outline
The goal of this PhD project has been to continue the development of bulk
type resonators in the DyNEMS group. So far, bulk resonators have not been
used extensively for mass sensing, and very few works are present in litera-
ture. Thereby, I believe that their potential has not been fully exploited.
The objective of this PhD thesis work has been to design and fabricate air
gap based resonators followed by their electrical and mass sensing character-
ization. The mass sensitivities have been also derived theoretically in order
to understand the role of the geometrical and material parameters. More-
over, a novel method to extract the resonance frequency and the Q-factor,
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based on a pulsed actuation, has been developed in collaboration with a
precedent Ph.D. student, Mend Tang.
The realized devices have been employed in several mass sensing experi-
ments both for chemical and biological applications. Finally, a new strategy
to improve the distributed mass sensitivity, based on nanograss etching into
the bulk resonators, is presented.
1.4 Chapter outline
Chapter 2: Theoretical background
The theoretical background is presented in this chapter. The model of a
simple damped harmonic oscillator is introduced, followed by the descrip-
tion of the bulk resonators developed in this thesis. The principles of the
electrostatic actuation and the capacitive readout are discussed and the elec-
trical equivalent models of the mechanical devices are shown. Finally, the
definitions of distributed mass sensitivity and point mass sensitivity are de-
rived using the Rayleigh-Ritz theorem.
Chapter 3: Design and microfabrication of bulk resonators
The microfabrication of the resonators developed in this thesis is presented
here. Several microfabrication issues are discussed and possible solutions are
suggested. Finally, the most relevant features of the final devices are ana-
lyzed.
Chapter 4: Characterization of bulk resonators
The microfabricated device characterization is presented in this chapter. The
devices have been characterized by measuring their resonant signals and ex-
tracting the relevant parameters. Several electronic issues are discussed and
possible solutions are suggested. Finally, the point mass sensitivity and the
distributed mass sensitivity of the devices are measured and compared with
the theory shown in chapter 1.
Chapter 5: Investigation of peptide based surface functionalization for Cop-
per ions detection
In this chapter the results on the investigation of peptide based surface
functionalization of the disk resonators for copper detection are presented.
Several disk resonators have been functionalized with two different coatings:
a recently synthesized peptide (CCGH) and L-Cysteine. The ability of these
two coatings to efficiently capturing copper in drinking water is proved and
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new insight on the CGGH to copper ions interaction are presented.
Chapter 6: LBAR based thermometer for humid environment
In this chapter the LBAR resonators are used as thermometer in humid
environment. The fact that the resonator is operated in presence of water
vapor couples together the change in the resonator temperature and the
amount of condensate water on the surface. This effect is shown by mea-
suring the temperature sensitivity at different humidities. A model based
on the BET theory is also introduced and compared with the experimental
results.
Chapter 7: Monitoring the hydration of DNA monolayers using an LBAR
microresonator
This chapter presents the findings on the hydration and dehydration of
DNA monolayers immobilized on an LBAR resonator. The number of water
molecules per acid base is found and the desorption behavior of the water
molecules from the DNA chains is investigated.
Chapter 8: Improvement of the distributed mass sensitivity using silicon
nanograss
In this chapter are presented the results on the improvement of distributed
mass sensitivity after etching silicon nanograss into the body of the LBAR
resonators. The improvement has been measured by depositing a conformal
layer on the surface and by acquiring the adsorption isotherm for the res-
onators.
Chapter 9: Summary, conclusions and outlook
The final conclusions are reported in this chapter. Moreover, possible re-
search directions for future work are discussed.
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Theoretical background
In this chapter the theoretical background of the thesis is presented. The
mechanical model of a bulk microresonator is introduced as well as the capac-
itive read-out. Finally, the principles behind the use of bulk microresonators
as mass sensors are analyzed.
2.1 Mechanical model of a microresonator
Mechanical structures vibrating under the influence of external forces are
often represented with a mass, spring, damper lumped model (see Figure
2.1). The differential equation that governs this system is
Fext(t) = m
d2x
d2t
+ c
dx
dt
+ kx (2.1)
where, Fext(t) is the external force acting on the mass, m is the concen-
trated mass , k is the spring constant and c is the damping factor that is
defined as
Figure 2.1: Mechanical model for a damped harmonic resonator
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c ∼=
√
mk
Q
(2.2)
where Q is the quality factor of the resonator and it is defined as the ratio
between the total energy stored in the resonator divided by the energy losses
of the damper in one cycle. The vibrating structure shows an eigenfrequency
at
fe =
1
2pi
√
k
m
(2.3)
and a resonance frequency at
f0 = fe
√
1− (1/2Q)2 (2.4)
The resonance frequency of the damped system f0 can often be approxi-
mated with the eigenfrequency for Q bigger than 100.
If Fext(t) is a sinusoidal force with radial frequency ω the solution of equation
2.1 is
x(t) =
F0sin(ωt− ϑ)
ω
√
(ωm+ km)
2 + c2
(2.5)
ϑ = arctan[
k/ω − ωm
c
] (2.6)
where F0 is the module of the force and ϑ is the phase of x(t) with respect
to the sinusoidal force. x(t) shows a resonant peak centered at ω0 and a full
width at half height (FWHH) of ω0/Q. The slope of the phase at resonance
depends on the Q and on f0 as
dϑ
df
|f0 = −2Q/f0 (2.7)
and permits to relate the phase noise ∆ϑ to the frequency noise ∆f using
∆f = (
dϑ
df
|f0)−1∆ϑ (2.8)
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Figure 2.2: Wine-glass bulk vibrational mode
2.1.1 Bulk disk resonator
The bulk disk resonators presented in this thesis resonate in the wine-glass
mode (see Figure 2.2). In order to calculate the vibrational frequency of a
disk resonating in this mode the set of equations below is used [57].
[ψn(
ζ
ξ
)− n− q][ψn(ζ)− n− q] = (nq − n)2 (2.9)
ψn(x) =
xJn−1(x)
Jn(x)
(2.10)
q =
ζ2
2n2 − 2 (2.11)
ζ = 2pif0R
√
ρ(2 + 2σ)
E
(2.12)
ξ =
√
2
1− σ (2.13)
where Jn is the Bessel function of first kind and order n, f0 is the natural
resonance frequency, R is the radius of the disk, ρ is the density of the
material, E is the Young’s modulus of the material and σ is the Poisson’s
ratio of the material. The first resonance frequency is obtained for n=2. The
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resonance frequency of the first mode can be also calculated with a simplified
numerical expression
f0 =
α
2pi
√
E
ρ
1
R
(2.14)
where α is a numerical coefficient that for a poisson ratio of 0.22 is 1.5125
[51]. As can be seen from equation 2.14 the resonance frequency of the disk
fabricated depends only on the radius of the disk and not on the thickness.
This is an important advantage and is exploited several times in this thesis.
The resonance frequency f0 can also be expressed using the model presented
in Figure 2.1. In this case m and k will depend on the specific mode shape
in which the disk is vibrating
f0 =
1
2pi
√
keff
meff
(2.15)
where, the effective mass meff and the effective stiffness keff can be
calculated knowing the wine-glass mode shape Rm
Rm(r, α) = [
∂
∂r
Jn(
ζ
ξR
r) +
2B
Ar
Jn(
ζ
R
r)] (2.16)
and so,
meff =
ρt
∫ 2pi
0
∫ R
0 [Rm(r, α)]
2rdrdα
[Rm(R, 0)]2
(2.17)
and
keff = ω
2
0meff (2.18)
where, t is the thickness of the disk, B/A is -4.5236 and r,α are the cylin-
drical coordinates with the origins at the center of the disks [57]. Solving
numerically equation 2.9 for R=30 µm, a Young’s modulus of 165 GPa, a
poisson’s ratio of 0.22 and a density of 2.33 g/cm3 a resonance frequency of
66.5 MHz is found.
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Figure 2.3: 1st extensional bulk mode of an LBAR
Figure 2.4: LBAR geometrical parameters
2.1.2 Longitudinal bulk acoustic resonator
The Longitudinal Bulk Acoustic Resonator (LBAR), that is presented in
this thesis, works in an extensional in-plane bulk mode, shown in Figure
2.3. This device is composed of two suspended beams anchored on one end
and resonating at the same frequency. The resonance frequency of one beam
can be calculated by
f0 =
(2n− 1)
2pi
√
keff
meff
=
(2n− 1)
4Lr
√
E
(1 + 2AewrLr )ρ
(2.19)
where, n is the mode number, Lr is the beam length, E is the Young’s
modulus, ρ is the density, Wr is the width of the resonator and Ae is the
added area at the end(see Figure 2.4). Furthermore, the effective mass and
the effective stiffness can be calculated as follow
meff =
m0
2
+ 2Aetρ (2.20)
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Figure 2.5: Electrostatic actuation and capacitive read-out
keff =
Em0pi
2
8L2r
(2n− 1)2 (2.21)
where, m0 is the total mass of one of the beams and t is the thickness
of the device. It should be noticed that also for this device the resonance
frequency does not depend on the thickness of the resonator [10].
2.2 Electrostatic actuation and capacitive readout
The actuation and the read-out of the vibrations of the presented resonators
have been done capacitively. The actuation force acting on the resonator is
the result of the applied voltages to the electrodes, which are separated
from the resonator by a narrow air gap (see Figure 1.5(d)). In Figure 2.5
is sketched the working principle of the capacitive actuation and readout,
where the fixed plate represents the electrode and the moving plate the
surface of the resonator. The electrostatic force is expressed as
Fext =
1
2
V 2(t)
∂C
∂t
' 1
2
V 2(t)
0A
d2
(2.22)
where,
C(t) =
0A
(d− x(t)) (2.23)
where, A is the area of the two plates and x has been considered much
smaller than d. V(t) can be expressed as
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V (t) = Vac + Vp = V0 sin(ωt) + Vp (2.24)
Equations 2.22 and 2.24 imply that the force has three frequency com-
ponents, and one of them is at frequency ω. This is the component that is
typically used to drive the resonator into resonance by matching ω and ω0.
The parallel plate model (equation 2.23) can be used for the LBAR and the
disk resonators since the overlapping area between the resonator and the
electrodes can be considered a large area at constant displacement, gener-
ating an uniform electric field within the air gap.
The readout of a vibrating charged structure is extracted in a similar man-
ner. If the top charged plate is free to move it induces opposite charges
on the fixed electrode plate (where Vac is now zero). A displacement cur-
rent appears if the distance between the two charged plates is continuously
changed. The amplitude of the output current imec can be expressed as
imec =
d(C(t)Vp)
dt
=
dC(t)
dt
+
dVp
dt
=
∂C
∂x
∂x
∂t
Vp (2.25)
Since the polarization potential Vp is constant over time the second term
can be dropped and expressing the last two differential terms the current
due to the motion of the upper plate is
imec =
∂C
∂x
∂x
∂t
Vp =
0A
d2
(ω0X)Vp (2.26)
where, ω0 is the radial resonance frequency of the resonator and X is the
resonator surface amplitude displacement. It is interesting to notice that
an output current is generated whenever the resonator is vibrating and is
charged. This feature is exploited later for the burst mode read-out set-up.
A major drawback of the electrostatic actuation is the dependence of the
resonator resonance frequency on the applied voltage Vp (the so called elec-
trostatic softening effect). This effect can be understood by expressing the
equilibrium between the static electrostatic force and the elastic force
keffr +
1
2
V 2p
0A
(d− x)2 = Fs (2.27)
Calculating the derivative of the force Fs, the total spring constant of the
system kt is found
kt =
∂Fs
∂x
= keff − V 2p
0A
(d− x)3 (2.28)
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(a) 2-port connections scheme (b) 2-port LCR equivalent electric
model
Figure 2.6: 2-port set-up
It is clear that, if the effective total spring constant of the system kt
depends on the applied Vp, the resonance frequency has to be rewritten as
f0 =
1
2pi
√
kt
meff
(2.29)
This effect has been measured for the disk resonators and for the LBAR
and it has been taken into account in the experiments by keeping Vp constant
for related measurements.
2.2.1 2-port set-up
The mechanical resonator model in Figure 2.1 can be translated into an
electrical equivalent circuit, including the transduction of the electrostatic
actuation force and the motional output current. The electrical 2-port set-
up is illustrated in Figure 2.6(a). In this set-up the resonator is charged
through the anchor (Vp) and the time varying signal is applied to the input
electrode (Vac). The combination of the two voltages drives the resonator
into resonance and the capacitance between the resonator and the output
electrode changes generating the output motional current on the output
electrode. The equivalent electrical circuit is shown in Figure 2.6(b). The
resonator is described thanks to a resonating LCR series, where the values
of the parameters are
Rx =
√
keffmeff
Qη2
(2.30)
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Cx =
η2
keff
(2.31)
Lx =
meff
η2
(2.32)
where the coupling factor η is,
η =
∂C
∂r
Vp ' 0A
d2
Vp (2.33)
where, A is the overlap area between the resonator and the electrode and d
is the air gap [57]. The static capacitance of one pair resonator-electrode C0
is shunt to ground not influencing the output signal, whereas the parasitic
capacitance Cpa between input and output is still present. The parasitic ca-
pacitance arises mainly from the field lines that couple through the substrate
and through the air between the input and the output electrodes. The value
of the parameter Cpa determines the shape of the output resonant signal. As
can be seen in Figure 2.7, when the parasitic capacitance is not negligible
the resonant signal presents an antipeak and the resonance frequency is in
the center of the two peaks, while if the parasitic capacitance is sufficiently
small the signal has the well known lorentzian shape.
The advantage of the the 2-port scheme is that the output does not depend
on the parallel capacitance C0, this means that, if Cpa is sufficiently small,
the Q-factor of the resonator can be easily extracted from a signal with
lorentzian shape and the phase of the output electrical signal is not dis-
torted by a parallel capacitor’s contribution. A disadvantage of this scheme
is the fact that three electrical connections to the device should be designed
(input, output and Vp), making the footprint of the device on the chip larger,
as it will be shown in the next chapter.
Normally Cpa is highly reduced by a proper microfabrication process, but
as shown later, the simple microfabrication process used did not include any
specific solutions to avoid large parasitic capacitance. Instead, a novel read-
out scheme presented below, which is not sensitive to the parallel capacitance
or the parasitic capacitance, has been developed.
2.2.2 1-port set-up
The 1-port scheme is shown in Figure 2.8(a). In this case the alternating
voltage Vac and the polarization voltage Vp are coupled together using a
standard bias-T and the resulting input signal is applied to the electrodes.
The resonator is charged statically thanks to the polarization voltage and
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(a) 2-port signal with a high Cpa (b) 2-port signal with a low Cpa
Figure 2.7: Dependence of the 2-port output signal on Cpa
driven into resonance by the alternating voltage. The vibration of the res-
onator varies the capacitance between the resonator and the electrodes, thus
a motional current aries from the anchor of the resonator. This actuation and
read-out scheme can be transformed in an equivalent electrical circuit shown
in Figure 2.8(b). In this case the two parallel capacitances C0 must be con-
nected between input and output, and since, the total resonator impedance
contains a parallel capacitor it generates a resonant signal with a peak and
an antipeak (see Figure 2.7(a)). A clear advantage of this read-out scheme is
that only two electrical connections are needed, thus reducing significantly
the device footprint on the chip, compared with a two port scheme device.
Moreover, the 1-port scheme has a stronger resonant signal compared to the
2-port set-up, because of a twice larger coupling constant η, which gives a 4
times smaller motional resistance Rx.
2.2.3 Burst set-up
The burst mode set-up has been developed in our group to measure with
low noise and high data rate the resonance frequency, the Q-factor and the
parallel capacitance of a bulk resonator [58] [59]. The idea is that the device
is driven into resonance by a sinusoidal burst signal and the frequency is
measured during the free vibration part of the exponentially decay output.
In this theory section the relevant displacement solutions for the mechanical
harmonic model under a sinusoidal burst and in free vibration are presented.
Moreover, the methods to extract the resonance frequency, the Q-factor and
the total parallel capacitance Cp = 2C0 + Cpa from the output signal are
introduced.
In Figure 2.9 the electric scheme is presented. The input burst is generated
by a function generator and coupled with a polarization DC signal. The
output motional current is collected from the anchor, as it was in a 1-port
scheme, amplified and registered by an oscilloscope.
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(a) 1-port connections scheme (b) 1-port LCR equivalent electric
model
Figure 2.8: 1-port set-up
Figure 2.9: Electric scheme for the burst mode set-up
The input signal can be expressed as
Vi(t) = Vp + Vac sin(ωat)rect(0, tr) (2.34)
where, Vi is the input signal at the electrodes, ωa is the radial frequency
of the input sinusoidal burst and rect(0, tr) is a rectangular function which
is 1 between t=0 and t = tr. Using this input and by solving the differential
equation 2.1 with the boundary conditions x(0)=0 and x’(0)=0 the solution
for the excitation is found as
xe(t) =
Fac
keff
[−Q cosωat+ (−1
2
sin(ω0t) +Q cosω0t)e
− t
τ ] (2.35)
where xe(t) is the displacement of the mass, Fac is the module of the force
that arises from Vi and τ is the mechanical time constant of the resonator.
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Figure 2.10: Dependence of the displacement magnitude for different input burst lengths
[59]
This solution describes the behavior of the device when the burst is ap-
plied. Instead, when the burst stops at t = tr and the resonator is in the free
vibration regime only the homogeneous solution of equation 2.1 is required.
The solutions for the free vibration regime is (xf (tr) = xe(tr) and x
′
f (tr) =
x′e(tr) )
xf (t) =
Fac
keff
e−t/τ (1− e−tr/τ )(1
2
sinω0t−Qcosω0t) (2.36)
where, xf (t) is the displacement of the mass in free vibration. It is seen
that the time constant that dominates the behavior of the resonator is
τ = 2Q/ω0. The higher the Q the longer it takes to arrive at steady state
during the excitation time and the longer it takes to decay back to zero
during the free vibration time.
In Figure 2.11 a simulated input sinusoidal burst and the simulated output
signal are shown calculated using the equations 2.35 and 2.36. In Figure 2.10
the magnitude of the output signal is shown in order to present the behavior
of the vibration amplitude for different excitation times.
Figure 2.12 shows a plot of the displacement magnitudes for a fixed burst
length but for four different burst actuation frequencies ωa (ωa = ω0, ωa =
ω0 − 1kHz,ωa = ω0 − 10kHz and ωa = ω0 − 100kHz). It is interesting to
notice that the amplitude is strongly affected for long excitation times, but
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for short excitation times tr below 5 µs the amplitude is independent from
the burst frequency. This is a very interesting feature that will be analyzed
later on in the characterization chapter.
From the output signal, the resonance frequency, the Q-factor and the Cp
total parallel capacitance can be extracted. In Figure 2.13 a real measure-
ment is shown. By looking at the value of a fixed number of periods right
after the burst the resonance frequency can be measured (see insert). The
Q-factor is measured by fitting an exponential decay to the amplitude of the
free vibrating signal. Finally, the parallel capacitance can be estimated by
measuring the difference of the amplitude right before and right after the
end of the burst using the equation
Cp =
∆V
50Vacω01032/20
(2.37)
where the gain of 32 dB of the amplifier is taken into account.
The LCR electrical model can be used to calculate the output current from
the resonator for the burst set-up. The output current during excitation
(when the Vac of the sinusoidal burst is on) can be expressed as
ie(t) = VacCx[−Qωat sin(ωatt) + (1
2
ωat cos(ω0t) +Qω0 sin(ω0t)e
− t
τ )] (2.38)
and in free vibration regime,
if (t) = −VacCxQω0(1− e−
tb
τ )e−
t
τ sin(ω0t) (2.39)
The amplitude of current if in the free vibration regime is proportional to
the product VacV
2
p , since Cx is proportional to V
2
p (see equation 2.31). This
proportionality is verified in the characterization section 4.1.2 and related
to the frequency noise level for the burst mode.
2.3 Mass sensing
As introduced in chapter 1 the inertial mass sensors transduce a change in
mass as a change in resonance frequency. In this way, by monitoring the
resonance frequency of the LBAR or the disk resonator, the added mass on
the surface of the resonator can be measured. As seen in chapter 1 there are
two different categories in which mass sensing applications can be classified.
The point mass detection is defined when the added mass is localized, so
that the placement of the added mass on the surface can be approximated
by only two coordinates. The case where the added mass is distributed on
the surface, so that the displacement of the added mass is not uniform, it
is called distributed mass detection. In the next two sections the relevant
equations for each category are presented.
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(a) Simulated input signal for the burst mode set-up
(b) Simulated output signal for the burst mode set-up
Figure 2.11: Simulated signals for the burst mode set-up
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Figure 2.12: Dependence of the displacement magnitude for different input burst fre-
quencies [59]
Figure 2.13: Calculation of output parameters from the decaying output signal
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2.3.1 Point mass detection
If we consider that a point mass deposition ∆m (added mass with an area
much smaller than the surface of the resonator) is not influencing the ef-
fective stiffness and is much less than meff , the frequency shift induced
by this added point mass can be calculated by using an energy approach
and the Rayleigh-Ritz theorem. According to the Rayleigh-Ritz theorem
the time average kinetic energy Ekin equals the time average strain en-
ergy Estrain at resonance [60]. Thus, for a resonator with an attached point
mass, Estrain=Ekin+Ekin,∆m, where Ekin,∆m is the kinetic energy of the
point mass. The kinetic energy of the resonator can be expressed as
Ekin =
1
2
meffa
2
mω
2
∆m (2.40)
meff is the effective mass, which defined as
meff = ρrtr
∫
A
U2m(x, y)dA (2.41)
where the displacement D(x,y) has been defined as
D(x, y) = amUm(x, y)e
iω0t (2.42)
and the mode shape Um is normalized to 1. The kinetic energy of the
added point mass can be expressed as
Ekin,∆m =
1
2
∆m[amUm(x∆m, y∆m)]
2ω2∆m (2.43)
where x∆m and y∆m are the coordinates of the added point mass on
the resonator surface. Since the mode shape and the effective stiffness are
considered unchanged the strain energy is equal to the kinetic energy of the
resonator without the added mass
Estrain =
1
2
meffa
2
mω
2
0 (2.44)
Using the the Rayleigh-Ritz theorem and rearranging the terms the ex-
pression of the ratio between the resonance frequencies ω0 and ω∆m is found
ω20
ω2∆m
= 1 +
∆m
meff
U2m(x∆m, y∆m) (2.45)
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Expressing the resonance frequency as ω∆m=ω0-∆ω, rearranging the terms
and considering that ∆ω is much smaller than ω0 the expression for the fre-
quency shift is finally found and the Point Mass Sensitivity (PMS) can be
defined as
PMS =
∆f
∆m
=
f0
2meff
U2m(x∆m, y∆m) (2.46)
It is seen from the definition of PMS that the frequency shift induced
by the added point mass depends on the mechanical properties of the res-
onator and the position where the added mass is. This last effect has been
investigated by a FEM simulation where the position of a gold 1x1 µm
square has been swept along the length of an LBAR. In Figure 2.3 the mode
shape of the resonator is seen and the amplitude of the displacement along
the length of the LBAR is shown in Figure 2.14(a). In Figure 2.14(b) the
square of the displacement is shown and in Figure 2.15 the FEM simulated
frequency shift induced by the gold square at different positions along the
length of the LBAR is shown. By comparing these figures it is clear that the
frequency shift is proportional to the square of the displacement. In Figure
2.16 the point mass sensitivity map is calculated by squaring the total dis-
placement for a disk in wine-glass mode and an LBAR in the first mode and
normalizing it to 1.
(a) Total displacement of an LBAR cal-
culated along its length
(b) Total squared displacement of an
LBAR calculated along its length
Figure 2.14: FEM simulation of the displacement and displacement squared along the
length of an LBAR
When inspecting the PMS maps, it is interesting to notice that the disk
offers four large areas where the PMS is maximized. Instead, the LBAR has
only small areas at the ends. Moreover, the PMS is not constant over the
platforms at the end of the beams, in fact at the center of the platform it
is only 60% of the the maximum value. In order to calculate the minimum
detectable point mass δm the frequency noise floor δf has to be considered
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Figure 2.15: FEM simulated frequency shift induced by the gold square at different
positions along the central axis. The zero is at the center of the LBAR
(a) Normalized PMS disk map (b) Normalized PMS LBAR map
Figure 2.16: Normalized point mass sensitivity for a LBAR resonator and for a disk
resonator
δm = PMS−1δf (2.47)
2.3.2 Distributed mass detection
When the added mass is a layer on the resonator surface, the added mass is
normally measured in terms of grams per square meter. Also, the sensitiv-
ity is redefined in terms of Hz/(g/m2) or Hzm2/g. In this case the added
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mass is covering a large portion of the device’s surface, so that the displace-
ment is not constant for the entire added mass and this must be taken into
account. The kinetic energy of the resonator after a distributed deposition
with density ρ∆m(x, y) and thickness t∆m(x, y) can be rewritten as
Ekin + Ekin,∆m =
1
2
meffa
2
mω
2
∆m +
1
2
a2mω
2
∆m
∫ ∫
Ad
ρ∆mt∆mU
2
mdxdy(2.48)
Considering that the strain energy is equal to equation 2.44 and applying
the Rayleigh-Ritz theorem the ratio
meff∫ ∫
Ad
ρ∆m(x, y)t∆m(x, y)U2mdxdy
=
ω2∆m
ω20 − ω2∆m
(2.49)
is found. Expressing ω∆m=ω0 − ∆ω∆m, rearranging the terms and con-
sidering ω0 much bigger than ∆ω∆m, the total frequency shift is obtained
∆fd =
f0
2meff
∫ ∫
Ad
U2m(x, y)ρa(x, y)ta(x, y)dxdy (2.50)
The density and thickness of the added mass can vary over the resonator
surface, but for most applications it can be considered uniform, so that the
previous areal integral can be rewritten as
∆fd = (ρata)
f0
2meff
∫ ∫
Ad
U2m(x, y)dxdy (2.51)
and the distributed mass sensitivity (DMS) can thus be defined as
DMS =
f0
2meff
Aeff (2.52)
where the effective area is
Aeff =
∫ ∫
Ad
U2m(x, y)dxdy (2.53)
In order to calculate the minimum detectable mass per surface unit δmd
the frequency noise floor δ(f) has to be considered
δmd = DMS
−1δf (2.54)
A. Cagliani 33
Section 2.3.2
It is useful to rewrite the DMS for a special case when the Ad is the entire
top surface of a bulk resonator. Considering that the effective mass can be
expressed as
meff = Aeffρrtr (2.55)
where ρr and tr are respectively the density and the thickness of the
resonator, the DMS for a uniform layer that covers the entire top surface is
DMS =
f0
2ρrtr
(2.56)
It is interesting to notice that equation 2.56 is not specific for a mode
shape but general for any bulk resonator for which equation 2.55 is valid.
This implies that no matter how the bulk resonator is designed the only
parameters that matter are the resonance frequency, the density and the
thickness. Inserting equation 2.14 and equation 2.19 into equation 2.56 the
DMS for a disk resonator and for an LBAR can be calculated as
DMSdisk =
α
4pi
√
E
ρ3r
1
Rtr
(2.57)
and
DMSLBAR =
(2n− 1)
8trLr
√
E
(1 + 2AewrLr )ρ
3
r
(2.58)
It should be noticed that the DMSdisk and DMSLBAR depend on two
independent geometrical parameters, the radio R (or Lr) and the thickness
tr. This feature permits to separately tune the resonance frequency and
the effective mass, which greatly enhances the design possibilities. By fixing
the disk radius (or Lr) the resonance frequency and the effective area are
defined, while the effective mass can be reduced by decreasing the thickness
of the resonator, thus improving the sensitivity. The only limit in reducing
the thickness is the mechanical stability of the structure and the reduction of
the motional signal due to the reduced transduction area. Instead, for devices
that are resonating in an out-of-plane (flexural) mode, such as a bridge or
a cantilever, the distributed mass sensitivity is defined only by one in-plane
dimension and not by the thickness. This is because the resonance frequency,
the effective mass, and the effective area cannot be tuned separately by
changing the geometry of the bridge resonator [57]. As an example, the
distributed mass sensitivity for a bridge (no specific actuation schemes are
considered for the bridge, only its geometry) has been calculated as
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DMSbridge = 1.03k
√
E
ρ3r
1
Lr
(2.59)
where k is a scaling factor and Lr is the length of a bridge. In this case
only the length can be change in order to improve the DMS of a bridge. It
is interesting to analyze the geometry dependence of the definition of the
point mass sensitivity and the distributed mass sensitivity. In the first case
the PMS for a disk resonator scales as R−3disk (see equation 2.46), while the
DMS scales as R−1disk(see equation 2.57). Since the dependence of frequency
noise floor δf on the radius is the same in case of distributed or point detec-
tion, the point mass resolution product PMS−1δf and the distributed mass
resolution product DMS−1δf evolve differently as function of R. Finally,
this implies that the optimization of the resonator geometry must take the
specific mass sensing application into account.
The DMS variation when a thin film of gold is deposited on the surface
can be calculated. This is an significant case because gold has been used
in this thesis to immobilize the functionalization layers. When a thin film
is deposited on the whole surface both the effective mass and the effective
stiffness of the resonator are affected. In order to include these effects an
effective density ρeff and an effective Young’s modulus are introduced as
ρeff =
ρrtr + ρAutAu
tr + tAu
(2.60)
Eeff =
Ertr + EAutAu
tr + tAu
. (2.61)
By substituting these effective quantities into equation 2.57 the DMS when
a thin film of gold is deposited is found
DMSdisk =
α
4piR
√
Ertr + EAutAu
(ρrtr + ρAutAu)3
(2.62)
Figure 2.17 shows the evolution of the DMS for a disk silicon resonator
with a density of 2330 Kg/m3, Young’s modulus 166 GPa, thickness 2.7
µm and radius 30 µm. It is seen that the DMS decreases for increasing
gold thickness. This is because the contribution to the effective mass is
dominating over the increase in the total stiffness. A typical Au thickness
for functionalization is 20 nm, which reduces the DMS by approximately
8%.
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In order to estimate the impact on the resonance frequency from the change
in the Young’s modulus of a thin layer on the resonator surface, the Young’s
modulus of the gold layer has been changed (see Figure 2.17). The variation
of DMS, when the Young’s modulus is changed from 0 to 160 GPa, is below
0.3% in the range from zero to 20 nm of Au. Since the DMS is proportional to
the resonance frequency, it can be deduced that the change in the resonance
frequency due to the variation of the resonator stiffness is negligible during a
mass sensing experiment. This means that the disk resonator developed have
the significant advantage over the flexural resonators that the contribution
to the frequency shift due to change in the resonator stiffness, caused by
mass landing on the surface, can be neglected. Thereby, the frequency shifts
measured during the mass sensing experiments shown in the next chapters,
can be directly related to the added mass.
Figure 2.17: Dependence of the DMS on the thickness of thin gold layer
The problem of the dependency of the DMS from the thickness of the gold
layer has been addressed in the experiments by doing two depositions. The
first one is a thick deposition close to the final gold thickness that has to be
deposited (∼ 80%). The second deposition deposits only few nanometers and
permits one to determine precisely the DMS around the final gold thickness.
Based on the physical principles introduced for the bulk resonators in
terms of actuation, readout and mass sensing, the next chapter presents the
designs and the microfabrication of the LBARs and disk resonators.
36 A. Cagliani
Chapter 3
Design and microfabrication
of bulk resonators
This chapter deals with the design and the two microfabrication processes
developed to realize polysilicon bulk microresonators. First, the design pa-
rameters are introduced for the LBAR and the disk resonators. Then the
microfabrication processes and finally, the complete devices and their most
important features are shown.
3.1 Design of disk resonators
The bulk disk resonators realized are designed to work in the wine-glass
mode, where one or two anchors are placed at the edge of the disk to sustain
the structure and ensure electrical access to the resonator. The motion of the
disk resonator is transduced by two or more electrodes separated from the
disk by a narrow air gap. Figure 3.1 illustrates the main design parameters
of the device.
The design phase has been divided in two parts:
Resonator Two different disk radiuses have been implemented, 30 µm and
15 µm. According to equation 2.14 the resulting resonance requen-
cies are 66.5 Mhz and 132 MHz. The wine-glass vibration mode has
already been demonstrated by Abdelmoneum et. al. for RF applica-
tions, achieving a resonance frequency of 73.4 MHz and a Q-factor of
8600 in air [61]. For RF applications the driving force is maximizing
the product frequency×Q-factor to fulfill the requirements of the RF
technology and this is achieved by optimizing the size of the anchors.
However, the devices presented in this thesis have the extra requirment
of being able to survive many wetting and drying steps. This because
many mass sensing applications relies on a specific functionalization
of the surface and one of the most common method to obtain that, is
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to dip the entire structure in a liquid solution and chemically bind the
desired molecule on the surface. In order to withstand many dipping
and rinsing steps the microresonators must be sufficiently robust so
that they do not collapse, due to the capillary forces induced by the
wetting and drying, and this has been taken into account for the de-
sign. In fact the anchor points were not only placed at the edge of the
disk but also at the center of the disk. This anchor is not achieved by
lithographic means but optimizing the HF etching time (see below).
Three different anchor widths (Wa) 1.5 µm, 2 µm and 3 µm and three
lengths (La) 5 µm, 7.5 µm and 10 µm have been designed for the edge
anchors. The thickness of the resonator is also important for the me-
chanical stability of the structure and, even if in literature a thickness
down to 1.2 µm has been used, a higher range of values has been cho-
sen (2.5 µm<t<3 µm). Moreover, a higher thickness will improve the
transduction efficiency, but will decrease the sensitivity, see equation
2.22 and 2.57.
Figure 3.1: Geometrical parameters for a disk resonator
Electrodes Two different read-out configurations have been designed: 1-
port read-out and 2-port read-out. For the 1 port scheme only two
electrodes connected together have been placed around the disk at 45
degrees from the quasi-nodal points. In Figure 3.2 the mask layout
of the 1-port and 2-port devices are seen. In the 1-port configuration
the electrodes supply the alternate voltage and charge the disk, while
the output motional current is extracted from the anchor. For the 2-
port scheme, 4 electrodes connected in pairs have been placed around
the disk. In this case 1 pair supplies the alternate voltage input, the
anchor charges the disk and the remaining pair senses the motional
output current. Finally, an air gap (d) between 100 nm and 140 nm
have been designed. It should be noticed that the 1-port design is much
more compact than the 2-port design, having only 2 connections.
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(a) Masks layout for the 1-port device
(b) Masks layout for the 2-port device
Figure 3.2: Mask layouts for the disk devices
3.2 Design of LBARs
The LBARs have been designed to work in the first extensional in-plane bulk
mode (see Figure 2.3). This mode has the nodal point at the center, while
the maximum displacement is at the ends of the beams. So two anchor points
have been placed at the center of the beam, while two electrodes have been
positioned at the ends of the beams (see Figure 3.3). In order to improve
the transduction efficiency, platforms have been placed at the ends. The
larger area ensures a bigger electromechanical coupling, even if the extra
mass added reduces the mass sensitivity. The thickness and the air gap are
the same as for the disk resonators. The different designs are summarized
in table 3.1, where the resonant frequency has been simulated with a finite
element software. Two overhangs and the end parts of the LBAR resonator
were designed. The reason for this is that, during the electrode etching the
ovehang is overteched, so a design compensation is needed to avoid etching
into the electrodes. In Figure 3.4 the two overhang/end designs are shown.
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Name Lr [µm] Wr [µm] wa [µm] Frequency [kHz]
20-8-3 20 8 3 73509.3
20-4.5-3 20 4.5 3 57789.3
25-6-3 25 6 3 56043.4
25-3-2 25 3 2 42106
30-6-3 30 6 3 49164.7
30-6-2 30 6 2 49116.1
30-6-1.5 30 6 1.5 49083
50-8-3.5 50 8 3.5 36020
50-4-2 50 4 2 29130.1
50-4-2.5 50 4 2.5 29150.8
50-6-3.5 50 6 3.5 33241.2
70-6-2 70 6 2 25688.4
70-6-4 70 6 4 25698.3
Table 3.1: Summary of the LBAR designs
Figure 3.3: Geometrical parameters of an LBAR
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(a) Overhang/end deisgn-1 with an over-
lap of 4.2 µm
(b) Overhang/end deisgn-2 with an
overlap of 3 µm
Figure 3.4: Overhang/end designs
3.3 Microfabrication process
3.3.1 First microfabrication process
The first microfabrication process is illustrated in Figure 3.5. The benefit of
this microfabrication process is that the materials and the processes can be
easily integrated in a CMOS process and only a line width resolution of 1.5
µm is required. Here only a brief description of the microfabrication process
is presented, the details of all the recipes used can be found in Appendix A.
The starting point of the microfabrication process is a poly-SOI wafer,
where a PECVD SiO2 layer is 5 µm thick, a LPCVD highly phosphorus
doped polysilicon layer is 2.7 µm thick, and a top thermal silicon dioxide is
500 nm (see Figure 3.5a). The LPCVD polysilicon layer have been deposited
in two consecutive depositions of 2 µm and 1 µm in order to avoid craking
during the cooling.
First, the resonator and anchors are defined by an anisotropic plasma etch-
ing containing CF4, SF6 and O2 (figure 3.5b).This etching has been per-
fomed in an Advanced Silicon Etcher machine and has a very high degree
of anisotropy. In Figure 3.6 a resonator with perfectly vertical sidewalls is
shown. Moreover, the very high anisotropy permits to etch the tiny anchors
without significant underetching. The machine used for this etch is designed
to perform the Bosch process, however for this recipe a single cycle is used.
After that, an LPCVD TEOS SiO2 sacrificial layer is deposited (figure 3.5c))
in order to define the gap between the electrodes and the resonator. Two
different thickness of TEOS have been tested 120 nm and 140 nm. A second
layer of 3 or 5 µm thick LPCVD polysilicon is then deposited and after, dif-
fusion doping in a phosphorus atmosphere, the electrodes are defined with
the same anisotropic etching used in the previous etching step (figures 3.5d
and 3.5e). During this etching the role of the thermal grown silicon dioxide
is very important, because it is protecting the resonator from being etched.
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Figure 3.5: Microfabrication process of the bulk resonators
The thickness of this oxide has to be chosen carefully, since it remains ex-
posed to the plasma for approximately half of the etching time. Finally,
gold contacts are e-beam evaporated and defined using a lift-off resist mask.
The releasing is performed in 40% HF, which underetches the resonator and
etches the TEOS gap to create the air gap between the resonator and the
electrodes (Figure 3.5f). The simplicity of the process reduces the device
fabrication time. However, it has the drawback that no specific solution to
minimize the paralell parasitic capacitance has been implemented. A typical
way to reduce this parasitic capacitance is to open a hole on the back of the
handle wafer below the resonator, but this would have introduced an extra
mask and two very long etching steps.
The release is a very critical step and it is done chip by chip, placing it in
a teflon holder and dipping it into 40% HF. The etch time is approximately
25 minutes and next the chip is rinsed three times with DI water and dipped
into 2-propanol. Finally, it is dried at 90 degrees.
A main problem with this microfabrication process was discovered. The
combination of heavily doped phourous polysilicon, gold contacts and long
HF etching (approximately 25 minutes) leads to non working devices. This
is due to anodic oxidation of the polysilicon during HF etching that results
in the growth of a thick layer of silicon oxide, that clogs the thin air gap.
This has been confirmed by visual inspection of the resonator and by EDX
analysis after HF etching. The polysilicon is covered with a thick dark brown
oxide layer and the EDX oxygen peak is strongly increased compared to not
oxidized polysilicon (see Figure 3.7).
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Figure 3.6: SEM micrograph of a disk resonator after the first silicon plasma etching
Figure 3.7: Brown polysilicon after HF etching. The gold pads highly accelerate the
process
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As explained by Kahn et. al. [62], the effect is augmented by the presence
of gold contacts, so after removing selectively these gold contacts, the HF
etching has been tried again. The devices could work perfectly and the brown
color was highly reduced.
3.3.2 Second microfabrication process
The second microfabrication process is the same as the previous one except
for the doping of the polysilicon. In fact, the anodic oxidation problem has
been addressed in the second microfabrication process by changing the dop-
ing from phosphorous to boron. This is has be done since anodic oxidation
is reduced for boron doped silicon [62]. Since the boron furnace at Danchip
clenaroom had been down for a long period due to mantaince, a different
doping method was developed. The polysilicon is first covered with a 500
nm thick layer of highly boron doped silicon oxide (BSG) with a PECVD
machine. Afterwards a diffusion step at 1100 degrees is performed. In Figure
3.8 the sheet resistance data for the doped polysilicon collected to optimize
this step are shown. The optimum value for the flow rate of the B2H6 gas is
200 sccm , giving a sheet resistance of 8 Ω/m2, corresponding to a doping
level of 1019 [atoms/cm3].
Figure 3.8: Optimization of the boron doped glass(BSG) sheet resistance. Using a flow
rate of 700 sccm it was not possible to remove the BSG afterwards.
Changing the doping element only partially solved the problem of anodic
oxidation of the polysilicon during the final HF step. After the first micro-
fabrication process neither the disk resonator nor the LBAR worked with
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the gold contacts still present. After removing the gold contacts, the effect
is much reduced and they were all perfectly working. After the second mi-
crofabrication process the LBAR could work even with the gold contacts
on, this is because they need only a 7 minutes HF etching step to be fully
released. The disk resonators need an etching step of approximately 25 min-
utes and the amount of oxide that grows during HF etching is still too much
to allow the devices to vibrate. So eventually, only the LBAR could work
with the gold pads still present. The disk resonators could work nicely but
only without gold pads on the electrode. In the future this problem could
be solved by opening a hole in the back of the handle wafer, so that the
HF would etch the silicon dioxide from the back and the top, releasing the
device in few minutes.
3.4 Validation of the microfabrication process
In this section the most relevant microfabrication features of the devices are
presented.
Final devices Figure 3.9 shows some of the final devices.
In Figure 3.9(a) a device with one anchor and two pairs of electrodes
is shown. It is supposed to work with a 2-port setup where one pair is
used to excite and one for the readout. In Figure 3.9(b) a disk resonator
with one anchor and two electrodes is shown. It is supposed to work
in a 2-port setup as well. In Figure 3.9(c) a disk with two connected
electrodes, which works in a 1-port set-up, is shown. In Figure 3.9(f)
and in Figure 3.9(e) two LBAR resonator are seen (device 30-6-3 and
device 70-6-4).
Air gap In Figure 3.10 a close up picture of the air gap between the res-
onator and the electrodes is shown. The gap measurements gave a
range of 80 nm to 100 nm. It is difficult to measure precisely the air
gap with a SEM, moreover the air gap is modified by the anodic oxida-
tion process during the release. Therefore, the thickness of the TEOS
layer that defines the gap is surely bigger than the resulting air gap,
due to the growth of silicon dioxide in the gap. This effect is sufficient
to clog the gap of the disk resonator, due to the long etching time,
but not for the boron doped LBAR. By comparing the signals of the
LBAR of the first generation (without gold pads) and the LBAR of
the second generation (with gold pads) the signal was significantly im-
proved. This is due to the growth of the oxide inside the gap, rising
the permittivity and thus, the actuation force.
Alignment The alignment between the resonator and the electrodes is crit-
ical for the performance of the device. For this reason a 2 µm tollerance
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(a) Disk 4 electrodes (b) Disk 2 electrodes
(c) Disk 2 electrodes (d) Disk 2 anchors 2 electrodes
(e) LBAR 70 µm (f) LBAR 30 µm
Figure 3.9: Final devices
was designed for the first microfabrication process. In Figure 3.11 an
LBAR resonator with a partially etched electrode is shown. This is the
result of a misalignment of approximately 2 µm. Also, in Figure 3.12
the electrode of a disk resonator is partially etched due to the misal-
gment. Since the tollerance of mislagiment was not sufficient to avoid
the etching of the electrodes, a tollerance of 3-4 µm was designed for
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Figure 3.10: SEM micrograph of the air gap after releasing in 40%HF
the second microfabrication process (see Figure 3.4). In Figure 3.10 it
is seen that the overhang is still present and the electrode is intact.
Underetch The underetch during the final HF releasing is shown in Figure
3.13 and in Figure 3.12 for the disk and in Figure 3.14 for the LBAR
. The LBAR is complete released, instead the disk resonator has a
central anchor made of the remaining oxide.
The dependence of the resonance frequency of the disk resonators on
the diameter of the remaining oxide layer has been investigated by a
finite element simulation. The model is shown in Figure 3.15(a), where
a 5 µm high cone is placed under the disk. The frequnecy rapidly
decreases for smaller anchor sizes.
After solving the anodic oxidation problem, the HF releasing step
was optimized. The fact that a specific amount of silicon dioxide is
supposed to be left under the disk resonator made this step particu-
larly crucial and eventually, the optimization process resulted to be
much more complex than forecasted. The etch rate was estimated to
be around 1.3 µm/minute, giving an etch time of 7 minutes for the
LBARs and around 25 minutes for the disks. The releasing of the
LBAR showed no issues. With a yield of approximately 90% the de-
vices were perfectly released after 7 minutes. Instead, while testing
the releasing of the disks, several parameters influencing the etch rate
were found. The ageing of the solution is important, the HF solution
must be new for every release, otherwise the etch rate is lower (even
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Figure 3.11: Partial etching of the electrode due to the misaligment of the electrodes
mask for an LBAR
if a large volume of 0.2 liters was used). The number of chips on the
holder and their relative position is also important. Not more than
three chips and must be placed at the maximum distance one from an
other, otherwise the etch rate is lower.
Eventually, the underetch of the disk resonators was performed step-
wise. At First, an etch of approximately 23 minutes is done and the
resonant signal is checked. According to the Q-factor and the reso-
nance frequency registered, another etch from 30 seconds to 1 minute
is performed. This process of etch and checking is performed till the Q-
factor reaches its maximum. If the device is etched more at this point,
it will collapse since the central anchor is no longer sustaining it. It
should be noticed that also the electrodes are underetched as much as
the resonator. This means that they have to be designed large enough
to not collapse after the release.
3.5 Conclusions
The design and the microfabrication of the disk bulk resonators and LBAR
resonator have been presented in this chapter. The design includes the re-
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Figure 3.12: Partial etching of the electrode due to the misaligment of the electrodes
mask for a disk resonator
Figure 3.13: HF releasing of the disk resonator. The disk is free to vibrate in wine-glass
mode even if a central oxide anchor is left
quiremnt of high resonance frequency and high quality factor but also a
good mechanical stability, thanks to the central silicon dioxide anchor. The
main unsolved issue is the releasing of the disk resonators with the gold
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Figure 3.14: HF releasing of an LBAR. The resonator is fully etched and free to vibrate,
while the electrodes are substained by the remaining oxide
(a) FEM model for the central anchor (b) resonance frequency vs. anchor size
pads on. Having the gold pads is very important, since they facilitate the
wirebonding. A new microfabriaction process that significantly reduces the
etching time of the final release step, should be designed. There are two pos-
sible microfabrication solutions: 1) opening a hole on the handle wafer below
the resonator would allow the HF to etch from the back the 5 µm silicon
dioxide, thus reducing the ething time to ∼ 3 minutes. This solution would
remove the central anchor, and the reduced mechanical stability should be
compensated by introducing 3 more side anchors. 2) the devices could be
released without the gold pads and the gold could be evaporated afterwards
through a shadow mask. Moreover, the design could be improved by testing
smaller air gaps, since in literature gaps down to 80 nm for similar devices
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have been presented. This would improved the coupling coeficient and, thus
the output of the resonator.
In the next chapter the characterization of the devices is presented by testing
the electrical properties and the mass sensing performance.
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Characterization of bulk
microresonators
This chapter deals with the characterization of the microfabricated bulk res-
onators shown in the previous chapter. The devices have been electrically
characterized, by measuring the Q-factor and the frequency with three dif-
ferent set-ups. Moreover, the resonators have been used to characterize the
new burst mode set-up. The performance of the devices as mass sensors are
also presented here, by measuring the distributed mass sensitivity and the
point mass sensitivity.
4.1 Electrical Characterization
The microfabricated resonators have been characterized by measuring their
resonant signals in air at lab conditions and in vacuum. The electrical contact
is obtained by RF probes in air and by wirebonding in vacuum. A bias-T is
used to couple the DC component with the AC component of the actuating
signals for the 1-port and the burst set-up.
4.1.1 Disk resonators
1-port set-up
The 1-port set-up used to characterized the bulk disk resonators is shown
in Figure 4.1. The resonance frequency is measured and it is in agreement
with the theoretical prediction of equation 2.14, even if slightly higher due
to the anchor below the center of the disk. The shape of the resonant signal
presents the typical antipeak, while the resonance frequency is placed in the
center of the two peaks (see Figure 4.2).
In table 4.1 the electrical parameters for the disk resonator at 66 MHz and
132 MHz are calculated for the model in Figure 2.8(b). In order to extract the
Q-factor and the slope of the phase at resonance a mathematical technique
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Figure 4.1: Characterization scheme for the 1-port set-up
has been used to removed the contribution of Cp to the output signal, thus
obtaining only the mechanical signal [63]. Inspecting Figure 2.8(b), it can be
noticed that the admittance of the pure mechanical resonator can be written
as
Yr = Yt − Yp (4.1)
where, Yt is the total admittance of the parallel and Yp is the admittance
of the parallel capacitor. The two admittances can be measured separately,
since Yt is the resonant signal obtained by simply sweeping the frequency
and recording the peak and anti-peak resonant signal, while Yp is obtained
by sweeping the frequency but setting to zero the Vp, so that Rx is infinite.
After the substraction Yr = Yt−Yp the resonant signal for the disk resonators
at 132 MHz is shown in Figure 4.3. From Figure 4.3(b) and Figure 4.4 the
Q-factor and the phase slopes can be extracted.
As shown in the pervious chapter the size of the central anchor strongly
influences the resonance frequency and the Q-factor. Since the size of this
anchor is determined by the last HF wet etching, and not by photolithog-
raphy, the reproducibility of this dimension was poor. This induced a large
variability of the resonance frequency and of the Q-factor. The highest Q-
factor in air is 3300 for the 132MHz device and 6500 for the 66 MHz device,
while the range of resonance frequency is 65.5 to 67.5 MHz. Even if a cen-
tral anchor is present for the devices the Q-factor is reduced only by 25%
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Parameter f0=66 MHz f0=132 MHz
Radius 30 [µm] 15 [µm]
Thickness 2.6 [µm] 2.6 [µm]
Air gap 120 [nm] 120 [nm]
Q-factor 6500 3300
Vp 7 [V] 12 [V]
meff 8.86x10
−12 [kg] 2.22x10−12 [kg]
Rx 1.14 [MΩ] 1.53 [MΩ]
Lx 17.9 [H] 6.11 [H]
Cx 3.25x10
−19 [F] 2.38x10−19[F ]
C0 12 [fF] 6 [fF]
Table 4.1: Electric parameters for the disk resonators when operated in air
Figure 4.2: Typical 1-port resonant output signal (black=amplitude and red=phase)
comparing to the best value in literature [61].
In order to estimate the frequency noise floor of the 1-port set up, the short-
term phase noise has been measured by acquiring a zero span phase signal at
resonance frequency. Knowing the slope of the phase at resonance frequency
and the phase noise, the short-term frequency noise floor is calculated by
equation 4.2. Evaluating ∆ϑ as the standard deviation of the zero span phase
noise data (1.74x10−4 rad for the 132 MHz device and 1.22x10−4 rad for the
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(a) 1-port output for a 132 MHz device (b) Mathematically Compensated out-
put
Figure 4.3: 1-port output and mathematically compensated output (black=amplitude
and red=phase)
Figure 4.4: Phases of the disk resonators and phase noise for the 66 MHz device
66 MHz device, see the insert in Figure 4.4), the short-term frequency noises
are 1.9 and 0.48 Hz, respectively. The frequency noise floor will be later used
to calculate the mass resolutions of the devices.
∆f = (
dϑ
df
|f0)−1∆ϑ (4.2)
As seen in section 2.2 one of the effects of the electrostatic actuation
is the electrostatic spring softening. This effect has been characterized by
recording the resonance frequency, while changing the polarization voltage
Vp (see Figure 4.5).
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Figure 4.5: Electrostatic softening for the 66 MHz device
As expected from equation 2.28 the data points well fit a quadratic be-
havior.
2-ports set-up
The 2-ports set-up is shown in Figure 4.6 for the resonator with two elec-
trodes aligned on the same axis of the disk (see Figure 3.9(b)). A typical
resonant signal measured using a 2-port set-up for the device with four elec-
trodes (see Figure 3.9(a)) is shown in Figure 4.7. Surprisingly, these resonant
signals show a clear antipeak. As explained in section 2.2.1 the 2-port set-up
permits to shunt to ground the coupling C0 capacitance between disk and
the electrodes. However, for the designs shown in section 3.1 the parasitic ca-
pacitance Cpa is actually bigger than the coupling capacitance, this implies
that the resonant signal still has the antipeak. The parasitic capacitance
in case of a 4 electrodes devices is 22fF, while the coupling capacitance is
12fF. In order to remove the antipeak, when using the 2-port set-up, the
parasitic capacitance must be drastically reduced. The resonant signal in
Figure 4.8 shows a inverted behavior compared with Figure 4.7. This is due
to the alignment of the electrodes with respect to the disk. For the 4 elec-
trodes resonator configuration the output electrodes are 90 degrees rotated
with respect to the input electrodes. Considering the mode shape of the
wine-glass mode this leads to a zero phase shift between the input and the
output signal. In the case of the device with 2 aligned electrodes (see Figure
4.6), the output signal is shifted 180 degrees compared to the input signal.
In order to have an electronic fast way of eliminating the contribution of
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Figure 4.6: 2-port electrical scheme
Figure 4.7: Resonant signal of a 2-port disk with 4 electrodes
(black=amplitude,red=phase)
the parallel capacitance Cp, an electronic circuit, that implements electroni-
cally the mathematical substraction in section 4.1.1, has been built inspired
by the article of Lee et. al. [63]. In Figure 4.9(a) the variable capacitor com-
pensation scheme is shown. The idea is to split the RF input of the MEMS
into two signals with a 180 degrees shift one from the other (using differ-
ential amplifier AD8319). One signal is passing through the compensation
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Figure 4.8: Resonant signal of a 2-port disk with 2 elec-
trodes(black=amplitude,red=phase)
capacitor and the other is sent to the resonator. By tuning the variable ca-
pacitor the compensation is achieved and the non distorted resonant signal
is obtained (see Figure 4.9(b)). Due to the very tiny parallel capacitance
of the devices the smallest variable capacitor on the market has been used.
However, the tuning of the compensation circuit was unstable and very dif-
ficult to perform and the idea of an external electronic compensation was
dropped.
(a) Electrical scheme of the compensat-
ing electronics
(b) Resonant signal electronically com-
pensated for a 66 MHz device
Figure 4.9: Electronic scheme used for the compensation and the compensated signal
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Parameter Vacuum Atmospheric pressure
phase noise [rad] 28x10−5 40x10−5
slope phase/frequency [rad/Hz] 0.0007 0.00013
∆f0 [Hz] 0.4 3
Table 4.2: Noise for the 30-6-3 LBAR
4.1.2 LBARs
One port set-up
The LBARs have been designed to work only in 1-port set-up. The different
resonators summarized in table 3.1 have been tested. The resonant signal of
four different resonators is shown in Figure 4.10. Moreover, the higher modes
of a 70-6-3 LBAR have been measured. As predicted by equation 2.19 the
frequencies are odd multiples of the fundamental resonance frequency. In
Figure 4.11 the first three mode shapes have been simulated by a finite
element software.
The best Q-factor of 3400 is achieved with the device 30-6-3 at 49164 kHz,
corresponding to a motional resistance of 1.05 MΩ. This device has been
tested also in vacuum and the resonant signals for different pressures are
shown in Figure 4.12. The Q factor achieved at 0.25 mBar is approximately
15000, corresponding to a Rx= 232 kΩ (see Figure 4.13). For this device the
short-term frequency fluctuations have been calculated using equation 4.2,
resulting in 3 Hz in air and 0.4 Hz in vacuum. In table 4.2 the values are
summarized.
The electrostatic softening effect has been measured also for the LBAR
30-6-3, by varying the polarization voltage Vp. As can be see from Figure
4.14 the data are well fitted by a quadratic expression.
Burst mode set-up - Disk
The bulk disk resonators have been also characterized using the burst-mode
set-up (see Figure 4.15). Different aspects of the behavior of disk resonators
have been tested. The output signal of the resonator in this configuration
appears as shown in Figure 4.16. When the polarization voltage is zero there
is no output after the end of excitation burst, but when the disk is charged by
a constant voltage an output signal is clearly visible. As explained in section
2.2.3, the resonance frequency, the Q factor and the C0 can be monitored
by this set-up with a very high data rate and these three values obtained
agree well with the values measured by the previous set-ups. The frequency
resolution achieved for the disk resonators is approximately 200 Hz with a
data rate below 1 second. In Figure 4.17 the amplitude of the free vibration
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(a) Resonant signal of the
LBAR 30-6-3-1
(b) Resonant signal of the
LBAR 50-8-3-1
(c) Resonant signal of the
LBAR 70-6-4-1
(d) Mathematical compensated resonant signal of the LBAR 20-6-3-2
Figure 4.10: Resonant signals of 4 LBAR resonators
exponentially decaying signal is shown as a function of the time after the end
of the burst. The amplitude exponentially decreases as predicted by equation
2.36 and the Q-factor can be extracted. In this case a quality factor of 2500
has been estimated.
The behavior of the resonator output amplitude for different excitation
burst lengths has also been measured (see Figure 4.18(a)). The blue dots
are measured keeping constant the excitation frequency and changing only
the excitation time. In this case the amplitude has a maximum around 20
µs and then decreases. This is due to the electrostatic softening effect that
modifies the resonance frequency. As shown in section 2.2 the electrostatic
softening effect depends on the displacement of the resonator. This means
that for bigger amplitudes (longer excitation times) the actual resonance
frequency is lower. This is confirmed by adjusting the excitation frequency to
obtain the maximum output amplitude. The data points in this case (green
data) follow correctly the behavior predicted by equation 2.35. In Figure
4.18(b) the excitation frequency used to maximizing the output amplitude
for different excitation times is shown.
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(a) Resonant signal of the
first extensional mode
(b) Resonant signal of the
second extensional mode
(c) Resonant signal of the
third extensional mode
(d) Mode shape of the first
mode
(e) Mode shape of the sec-
ond mode
(f) Mode shape of the
third mode
Figure 4.11: The first three modes of an LBAR and the corresponding resonant signals
Figure 4.12: Amplitude of the 1-port signal at different pressures
Burst mode set-up - LBAR
The LBAR 30-6-3 in burst mode has been used to evaluate the dependence
of the output amplitude right after the burst on the burst input frequency
and on the duration of the excitation burst. Figure 4.19(a) shows that the
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Figure 4.13: Amplitude and phase of the 1-port signal at 0.25 mBar after compensation
Figure 4.14: LBAR electrostatic softening
longer the sinusoidal burst the stronger is the dependence of the amplitude
on the input frequency. This results has to be compared with Figure 2.12,
where the displacement of the resonator is almost independent of the input
frequency for short excitation bursts. The two figures show the same effect
for the frequency domain and for the time domain. Figure 4.19(b) shows
the amplitude of the Fourier transform of the input signal shown in Figure
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Figure 4.15: Burst mode set-up. A Function generator is used to generate a sinusoidal
burst and an oscilloscope records the output signal from the resonator
(a) Amplitude of the output signal when
Vp=0 V
(b) Amplitude of the output signal when
Vp=16 V
Figure 4.16: Output signal of a disk resonator in burst mode
Figure 4.17: Amplitude of the ring down signal after the excitation
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(a) Amplitude of the ring down signal
right after the burst vs the burst length
tr
(b) Input burst frequency used to maxi-
mize the output
Figure 4.18: Behavior of the device for different excitation times
2.16(a) and it is seen that it shows the same behavior as in Figure 4.19(a).
This is because the resonator acts as a bandpass filter that extracts the fre-
quency components of the input signal.
This effect demonstrates a clear advantage of the burst mode excitation-
readout set-up: there is no need for feedback loop that tracks the resonance
frequency since it is possible to obtain an almost flat amplitude over a range
of approximately 300kHz of input frequency (when 100 cycles are used). A
flat amplitude is desirable since the resonance frequency depends on the free
vibration amplitude. This also means that the same input signal could be
used to excite several mass sensing resonators in parallel; each one with a
different functionalization.
The LBAR 30-6-3 in burst mode has also been used to optimize the fre-
quency resolution in air for the burst mode set-up.The frequency resolution
has been evaluated as the standard deviation of a frequency acquisition of
10 points ( 7 seconds) and it has been optimized by varying the actuation
voltages(see Figure 4.20). As shown by equation 2.39 the amplitude of the
output is proportional to VacV
2
p . This behavior is plotted in Figure 4.20(c)
and it is clear that it matches pretty well the measurement of the ampli-
tude as function of input voltages shown in Figure 4.20(a). The frequency
resolution plot shows the same behavior as the amplitude plot, where the
minimum is when the amplitude is maximum. For the resonator used for
these measurements the amplitude of the signal after the burst is 25 mV
while the minimum frequency resolution is 20 Hz (0.4ppm). This value is a
very promising frequency resolution, even when compared with close loop
read-out schemes.
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(a) Amplitude of the output signal after burst vs. the burst
input frequency
(b) Amplitude of the Fourier transform of the input burst signal
Figure 4.19: Dependence of the output amplitude on the input burst frequency
4.2 Mass sensing characterization
The mass sensing characterization is done by evaluating four parameters:
the point mass sensitivity(PMS), the distributed mass sensitivity(DMS), the
point mass resolution(PMR) and the distributed mass resolution(DMR).
4.2.1 Disk resonators
In order to measure the distributed mass sensitivity thin films of Al and
Au have been deposited on the disk’s surface (using an e-beam evaporator
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Wordentec QCL 800). In Figure 4.21 three output curves corresponding to
the first two depositions on a 132 MHz device can be seen. In Figure 4.22 the
frequency shifts of all the depositions are plotted against the deposited mass.
The 66 MHz and 132 MHz devices have been characterized. The change in
the Q-factor was less than 5 percent for both devices throughout all the de-
positions. The slope of the curve at the origin is 16 kHz/pg for the 132 MHz
device and 1.9 kHz/pg for the 66 MHz device, which corresponds to a sensi-
tivity of 11.3 kHzµm2/fg and 5.4 kHzµm2/fg, respectively. These measured
values are in good agreement with equation 2.56, considering the uncertain-
ties on the material properties and geometrical dimensions. According to
equation 2.57 the distributed mass sensitivities are 10.4 and 5.2 kHzµm2/fg
respectively.
As seen in Figure 4.22 the sensitivity of the 132 MHz device decreases by 28
% after a deposition of approximately 130 pg on the disk. In the case of the
132 MHz device the response of the resonator can be considered linear up
to approximately 50 pg (4 nm of Au), while the 66 MHz device, up to 350
pg (6.5 nm of Au). For heavier layers, the nonlinearity of the response must
be taken into account. The non linearity is due to the fact that the DMS is
decreasing after every deposition due to the added mass. The model based
on the effective density, shown in Figure 2.17, predicts a variation of 5%
for the 66 MHz device. This is confirmed by the data shown in Figure 4.22
which show a decrease of 7%. On the other hand, the model predicts the
same variation also for the 132 MHz device, while the measured decrease is
much higher. Only two 132 MHz devices have been tested. The measurement
should be repeated over more devices, before concluding that the model has
to be revised.
The point mass sensitivity on the 66 MHz device has also been measured.
Three depositions of a volume of 1.1x1.1x0.9 µm3 of the Pt/Ga/C compos-
ite have been performed at one of the four maximal displacement points by
using a FEI Quanta-3D Focused Ion Beam system. The three corresponding
frequency shifts are 42, 43 and 45 kHz. The Figure 4.23 is a SEM micrograph
of two of the added masses deposited with Ga ion current of 20 pA and the
C5H5Pt(CH3)3 organiometallic precursor. The FIB system has been previ-
ously calibrated and the density of this Pt composite is 10.4 gcm−3, resulting
in 11.6 pg deposited at every deposition [56]. The measured frequency shifts
give an average sensitivity of 3750 Hz/pg, which matches the theoretical
value of 3724 Hz/pg for the point mass sensitivity calculated using equation
2.46.
By using the sensitivities previously measured and the frequency noise
floor in air in section 4.1.1, a mass resolution of 17 pgcm−2 is calculated
for the 132 MHz device and 8.7 pgcm−2 for the 66 MHz sensor. The latter
distributed mass resolution corresponds to an effective thickness resolution
of 0.045 mA˚ of Au with density of 19.3 g cm−3. Moreover a point mass res-
olution of 130 ag is calculated for the 66 MHz device, using the measured
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point mass sensitivity. Finally, using the theoretical value for the point mass
sensitivity of the 132 MHz of 31.5 kHz/pg, calculated using equation 2.46,
a point mass resolution of 59 ag is found.
This distributed mass sensitivity is 856 times higher and the mass resolu-
tion is 14 times better than the microfabricated silicon square resonator
operated in vacuum demonstrated by Lee et al [52], which is the only bulk
resonator-based distributed mass sensor demonstrated so far. Furthermore,
the distributed mass resolution is 3.5 times better than the nanocantilever
which is the most sensitive flexural type resonator-based mass sensor [29].
4.2.2 LBARs
The distributed mass sensitivities of the LBARs have been measured simi-
larly. A gold layer up to 10 nm has been e-beam deposited and the frequency
shifts for 6 different devices are shown in Figure 4.24. The devices have been
divided in two groups according to the their specific end/overhang design
(see Figure 3.4).
The theoretical distributed mass sensitivities for these devices have been
calculated considering that the whole surface of the resonator was covered
with a uniform layer so equation 2.56 can be used. This implies that the
distributed mass sensitivity is proportional to the resonance frequency and
does not depend on the total surface of the devices, but for the actual mea-
surements it is not possible to cover the entire surface due to the overhangs
on top of the electrodes. In table 4.3 the DMS of the 6 resonators are sum-
marized. As can be seen there is not proportionality between the frequency
and the DMS value. This is due to the fact that not the whole surface is
covered. Therefore, the DMS has to be rewritten
DMS =
f0
2meff
Ad (4.3)
where the deposition area is Ad=AeffLBAR−Aoverhangs and thus the ratio
of two DMS is not proportional to the corresponding frequencies, because
the effective mass (meff = Aeffρt) is not proportional anymore to the
deposition area Ad.
Looking at the theoretical values of DMS it is clear that the design-1
affects the DMS less, since more area is exposed (see Figure 3.4). The point
mass sensitivities and the relative mass resolutions have been calculated
using equation 2.46 and the noise measurements in table 4.1.2. In table 4.4
the point mass sensitivities, the frequency noises and the mass resolutions
are shown. The device 30-1 can reach a point resolution in air of 0.21 fg,
corresponding to the mass of a gold nanoparticle with a diameter of ∼30
nm, which is very interesting for nanoparticle detection in air (in vacuum
the corresponding diameter is 16 nm). Moreover, the fact that several modes
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30-1
f0=51
MHz
50-1
f0=34
MHz
70-1
f0=25
MHz
20-2
f0=65
MHz
30-2
f0=49
MHz
25-2
f0=40
MHz
DMS theo.
[kHzµm2/fg]
4.56 3.04 2.30 5.81 4.38 3.57
DMS
[kHzµm2/fg]
3.11 2.38 2.2 2.87 2.07 1.61
freq. noise open
loop[Hz]
3 4 4.5 3
freq. noise
burst mode[Hz]
20 20 20 20
DMR-air
[pg/cm2]
96 168 156 145
DMR-vac
[pg/cm2]
13 19
DMR-BMair
[pg/cm2]
640 840 697 966
DMR-BMvac
[pg/cm2]
71 107
effective Au
thick. in air [A˚]
0.00019 0.0003 0.00026
Table 4.3: LBAR distributed mass sensitivities and distributed mass resolutions
can be measured would allow to distinguish position and mass of different
nanoparticles, thanks to the theory developed by Dr. Schimd and Dr. Dohn
in our group [5].
4.3 Conclusions
The characterization of the electrical properties and the mass sensing per-
formance of the bulk resonators have been presented in this chapter. An
important unsolved issue is how to reduce the parasitic capacitance so that
the devices can be properly characterized when using a 2-port scheme. A
drastic reduction in the parasitic capacitance is needed, since the output sig-
nal is strongly distorted by the parallel contribution. This can be achieved by
revising the microfabrication process. Two possible solutions are: 1) opening
a hole in the handle wafer in correspondence with the resonator, so that the
HF releasing step is much shorter. This means that the underetch of the
electrodes would be less pronounced, so that the in-plane electrodes dimen-
sions can be highly reduced. This would significantly diminish the parasitic
capacitance between the input and the output electrodes. 2) The electrodes
in-plane dimensions could be reduced by etching through the PECVD sili-
con dioxide layer before depositing the polysilicon electrodes. In this way the
electrodes would be directly anchored to the handle wafer and they would
not have to resist the large underetching. Moreover, a grounded layer below
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30-1
f0=51
MHz
50-1
f0=34
MHz
70-1
f0=25
MHz
20-2
f0=65
MHz
30-2
f0=49
MHz
25-2
f0=40
MHz
PMS theo.
[kHz/pg]
14.2 6.88 4.06 20.6 12.8 16.8
freq. noise open
loop[Hz]
3 4 4.5 3
freq. noise
burst mode[Hz]
20 20 20 20
PMR-air [fg] 0.21 0.58 0.22 0.23
PMR-vac [fg] 0.028 0.031
PMR-BMair
[fg]
1.4 2.9 0.97 1.6
PMR-BMvac
[fg]
0.16 0.18
Table 4.4: LBAR point mass sensitivities and point mass resolutions floor
the whole resonator-electrodes structure would help reducing the parasitic
capacitance. The optimization of the frequency noise, by changing the ac-
tuation voltages, has been performed only for the LBAR resonators, so the
same procedure should be applied also to the disk resonators.
The next three chapters are dedicated to three different mass sensing appli-
cations, where the high sensitivity of the of the devices is exploited.
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(a) Amplitude of the ring down signal right after the
burst vs actuation voltages
(b) Frequency noise vs Actuation voltages
(c) Theoretically output amplitude vs. actuation volt-
ages
Figure 4.20: Amplitude and frequency noise of the LBAR 30-6-2 operated in air
A. Cagliani 71
Section 4.3.0
Figure 4.21: Frequency shifts induced by e-beam metal deposited mass
Figure 4.22: Characterization of the distributed mass sensitivity of the disk resonators.
Error bars are smaller than the symbols
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Figure 4.23: Two FIB deposited added masses
(a) Frequency shift for devices with end-
design 1
(b) Frequency shift for devices with end-
design 2
Figure 4.24: Frequency shift induced by gold deposition on the LBAR resonators
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Investigation of peptide
based surface
functionalization for Copper
ions detection
In the framework of developing a portable label-free sensor for multiar-
rayed detection of heavy metals in drinking water, this chapter present a
mechanical resonator-based copper ions sensor, which uses a recently syn-
thesized peptide Cysteine-Glycine-Glycine-Histidine (CGGH) and the L-
Cysteine (Cys) peptide. In this chapter the selectivity of these two different
functionalization layers are combined with the very high distributed mass to
frequency sensitivity of the bulk disk resonators. Insight on the interaction
between the novel CGGH peptide and copper ions is obtained, demonstrat-
ing a 4.8 times larger binding efficiency than expected compared to a prece-
dent model. After demonstrating the ability of the functionalized devices to
detect a concentration of 10 µM of copper in water, the surface has been
regenerated by removing the copper ions from the functionalization layer
using EDTA.
The chemical background of these experiments have been provided by Dr.
Fischer.
5.1 Introduction to metal ion detection in drink-
ing water
Monitoring the presence of heavy metals in drinking water is important for
limiting potential public health risks. Heavy metals are known to have toxic
effects on specific target proteins which can result in changes in protein
structure and functionality [64]. Heavy metals such as Arsenic, Chromium
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(IV), Mercury and Nickel have potentially mutagenic and/or carcinogenic
effects on humans [64]. The World Health Organization has specified the
maximum amounts of Arsenic to be 10 g/l and 6 g/l for Mercury, corre-
sponding to a concentration of 133 nM (or 2 ppb) and 30 nM (or 0.5 ppb)
respectively [65]. Traditional monitoring consists of collection of drinking
water samples, which are then transported and analyzed in the lab using
techniques such as inductively coupled plasma atomic emission spectroscopy
or mass spectroscopy (ICP-AES) (ICP-MS) [66]. These assay methods offer
high sensitivity, but are neither cheap nor fast enough for water quality mon-
itoring and are incapable of being used in-field. Newer non portable methods
for heavy metal detection are based on electrochemistry, which have the re-
quired sensitivities on the 10-100 nM level [66] [67]. However, high sensitivity
electrochemistry requires high quality Ag/AgCl reference electrodes, which
are costly.
Mechanical mass sensing techniques could offer a cheap and highly sensitive
alternative for heavy metal detection, thanks to the extremely small mass
detection limits and the possibility of mass production [51] [56] [29]. Despite
these advantages very little has been done in this direction. Rahafrooz et
al. demonstrated copper detection down to concentrations of 4 µM using a
micrometer sized double clamped beam resonator. In this article Cu(II) ions
where deposited directly on the resonator surface using a electrochemical
reaction [68]. The disadvantage with this electrochemical detection is that,
since silicon has a low redox potential, most other heavy metal ions would
also oxidize the surface, thus selectivity is difficult to achieve.
In order to ensure the selectivity for different heavy metal ions, function-
alization layers based on proteins have been tested previously within our
research group by Fischer et. al. [8]. In this case two peptides Cysteine-
Glycine-Glycine-Histidine (CGGH) and L-Cysteine (Cys) were immobilized
on the Au surface of a micro-cantilever and used to capture Cu ions in a
solution, causing strain and static bending of the microcantilever (see Fig-
ure 5.1). Using this method selective detection of Cu in the nM regime was
achieved [8].
In order to demonstrate that the mechanical mass sensing can be com-
plementary and possibly an alternative to other methods for heavy metal
detection in drinking water, copper has been chosen as a proof of concept
metal ion. The capturing performance of the two functionalization layers
mentioned above have been tested by monitoring the resonance frequency
of a bulk disk resonator after the peptide immobilization, the copper capture
and the regeneration. In order to exploit the very high mass sensitivity in air
of the disk bulk resonators we performed all the frequency measurements in
air after drying samples in 2-propanol. The technique of removing the mass
sensor from the analyte solution and desiccating it before mass detection
has been implemented successfully elsewhere to detect single viral-virion
and relative massive virus particles, but the frequency measurements where
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performed in vacuum and not in normal atmospheric conditions [55] [69].
Since a vacuum chamber is not suitable for a portable device, the mass de-
tection in this work has been performed at normal atmospheric conditions,
in order to demonstrate that mass change induced by copper adsorption is
much bigger than the possible unspecific binding.
Finally, the interaction between Cu2+ and the amino acid L-Cysteine has
already been investigated experimentally using electrochemical methods by
Yang et. al. The model proposed for the interaction between Cys and Cu(II)
ions predicts a 1:2 ratio, where one ion is shared between two L-Cys molecules
[70](see Figure 5.2). The tripeptide GGH was designed to capture Cu2+
ions [71] and is believed to bind 1:1 with the ion in a square planar geome-
try. The novel peptide CGGH, used by Fischer et. al. [8] , was designed to
capture copper in the same way as GGH, but can be directly immobilized
onto a gold surface via the thiol group on the terminal Cys residue, instead
of using a multistep methods [71] (see Figure 5.2).
(a) Cysteine immobi-
lized on the gold sur-
face
(b) CGGH immobi-
lized on the gold sur-
face
Figure 5.1: Immobilization schemes of the two functionalization layers tested for captur-
ing Cu2+ ions
5.2 Calibration and functionalization of the bulk
disk resonators
As highlighted in section 4.2.1 the distributed mass sensitivity depends on
the thickness of the gold layer. In order to measure precisely the distributed
mass sensitivity when the thickness of the Au layer is 14 nm, two subsequent
depositions have been performed. For the first one an 11.6 nm Gold layer has
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(a) Schematic of the captur-
ing scheme of the Cysteine to
Cu2+ inos
(b) Schematic of the captur-
ing scheme of the CGGH to
Cu2+ inos
Figure 5.2: Capturing schematics of the functionalization layers to Cu2+ ions
been deposited by e-beam evaporator at 10 A˚/s, resulting in a distributed
mass sensitivity (DMS) of 0.047±0.001 [Hzcm2/pg]. After a second deposi-
tion of 2.4 nm of Gold the frequency to mass sensitivity is 0.045.8±0.001
[Hzcm2/pg]. This value was used to calculate the absolute mass of the func-
tionalization layer and Cu ions in the proceeding experiments.
For the experiments three 66 MHz bulk disk resonator chips have been used.
The first two chips contained two bulk disk microresonators each and where
used for the blank and CGGH experiments. The last chip contained three
resonators and was used for the Cys experiment. Each frequency measure-
ment consists of the average frequency shift of the resonators on the individ-
ual chip, two data measurements for the blank data and the CGGH data,
and 3 data measurements for the Cys functionalized devices. On the blank
chip no functionalization was performed. This chip is used as a reference
for the other two chips, in order to filter out the temperature and humid-
ity effects on the resonator’s resonance frequency. The relative frequency
shift, which can be used to directly calculate the added mass, is obtained by
subtracting, at any step, the average absolute frequency shift of the func-
tionalized resonators with the average absolute frequency shift of the blank
resonators.
After the deposition of the gold layer, the two chips were incubated in 50
mM KH2PO4 buffer (pH 6.2), with 5 mM of either L-Cysteine or CGGH for
16 hours at room temperature. After rinsing with clean buffer, followed by
thorough washing with Milli-Q water to remove the salt residue, the chips
were immersed in 2-propanol, to prevent stiction and dried at room tem-
perature. In Figure 5.3 the absolute resonance frequency shift of one of the
resonators after the CGGH immobilization is seen. In this case the average
value of the relative frequency shift for CGGH is -15 kHz. Thanks to the
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Figure 5.3: Frequency shifts after CGGH immobilization
careful calibration the added mass can be calculated, as well as the corre-
sponding immobilization density, which is (4.7±0.4)x1014 CGGH/cm2. For
the L-Cysteine the average relative frequency shift is -5.1 kHz, which gives
a density of (5.4±1.7)x1014 Cys/cm2. Figure 5.4(a) and Figure 5.4(b) show
the resonance frequency changes as a function of the experiment steps.
The Cys density measured here can be compared with the density obtained
by reductive desorption on flat gold which is 2.8x1014 Cys/cm2 [70]. The
value we measured is compatible with a monolayer formation considering
that our polysilicon-gold surface has a much higher roughness than a flat
gold electrode. Regarding the CGGH density there is no reference since this
is the first measurement for such immobilization method, where the Cys
group of the CGGH molecule is directly bound via thiol reaction. As ex-
pected the density of the Cys SAM is slightly higher, due to the smaller
dimensions of this compound compared to CGGH. Moreover, both absolute
frequency shifts are clearly higher than the frequency shifts measured for the
blank devices, which were immersed only in the buffer solution (see Figure
5.4(a) and Figure 5.4(b)) and had an average shift of -2 kHz.
5.3 Copper detection and removal
After the fucntionalization the devices were immersed in a solution of 10 µM
of Cu(NO3)2 in Milli-Q water for 20 minutes. This incubation time was used
to ensure full loading of the Cu(II) on the functional layer. After cleaning
and drying in 2-propanol at room temperature, the relative frequency shift
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was -11 kHz for the CGGH devices and -1.5 kHz for the Cys devices. The
average absolute frequency shift for the blank devices was -0.5 kHz, showing
that very little unspecific binding is present. Comparing the frequency shift
for the CGGH devices and the blanks it is possible to imagine that much
lower copper concentrations could be detected.
In the final step, the copper ions have been removed by immersing the de-
vices in EDTA (Ethylenediaminetetraacetic acid) for 1 hour. Afterwards the
devices showed a positive shift, suggesting that the copper ions have been
removed. The relative frequency shifts indicated that 46 ± 60% of copper
has been removed from the Cys layer and that 103± 15% has been removed
from the CGGH layer. The large degree of uncertainty on the copper re-
moval rate for the Cys layer is due to the high spread of the frequency shifts
of the blank devices and the functionalized devices after the removal step. In
Figure 5.5 the added mass after each step is calculated for the functionalized
resonators using the relative frequency shifts and the calibrated distributed
mass sensitivity. From the added mass values the immobilization density,
the amount of copper and the degree of regeneration are calculated. The
added copper contributes for 5.5 pg for the CGGH surface and 1 pg for the
Cys surface. After EDTA the CGGH surface seems to be fully regenerated,
whereasthe copper ions on the Cys surface are only partially removed.
The possibility of capturing copper ions after regenerating the functionalized
surface with EDTA has been investigated extensively by Dr.Fischer during
his Ph.D. studies. Up to three cycles of capture/regeneration/capture have
been demonstrated for Cys and CGGH functionalized gold surface using a
cantilever electrochemistry based platform and a quartz crystal microbal-
ance based detection system [72].
(a) CGGH (b) Cys
Figure 5.4: Average frequency shifts for the Cys, CGGH and control resonators. The
frequency shifts are referred to the resonance frequency after the Gold deposition
In order to understand the binding schemes underlying the capture of
copper and the subsequent removal with EDTA, the trapped copper ion to
immobilized molecule ratios have been calculated: 4.8±0.2 copper ions per
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Figure 5.5: Added masses for any experimental step. The added masses are calculated
from the relative frequency shifts.
CGGH molecule and 0.56±0.15 per Cys molecule. The proposed model of
interaction between Cys and copper ions, by Yang et. al., predicts a ratio
of 1:2, which is in good agreement with the ratio measured here [70]. Yang
et. al. proposed a theoretical model for the interaction of tripeptide GGH
and copper in aqueous solution that relies on the GGH wrapping around
the copper ion giving a 1:1 ratio [71]. It was expected the GGH sequence of
surface-bound CGGH to bind copper ions in the same manner as described
by Yang et al (see Figure 5.2(b)).
However, our measurements suggest a copper ion to CGGH ratio of 4.8:1,
in contrast to our expectations. The hypothesis is that one of the captured
copper ions must be inside the curl made by the GGH tripetide group, since
this is the most energetic favorable configuration, while the extra 3.8 copper
ions per CGGH molecule can be explained by ions that are incompletely
bound to the outside of the folded CGGH molecule, binding to the free
ligands on the peptide backbone. The amino acid L-Cysteine does not have
any free ligands following the binding of a Cu2+ ion: both free amine and
carboxyl groups are occupied, and the thiol is bound to the gold surface.
Thus, there can be no more than one Cu2+ ion per two Cys molecules.
Conversely, when the GGH sequence folds around a copper ion there are still
several unoccupied ligands exposed to the solution. This most likely results
in multiple copper ions being weakly bound by one, two, or three ligands
shared between one or more CGGH molecules. The possibility that the GGH
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peptides could share copper ions between each other was not studied by Yang
with the quantum mechanical simulations, thus more theoretical quantum
mechanics studies should be done in order to obtain a complete interaction
scheme for the molecule CGGH.
5.4 Conclusions and outlook
A mechanical bulk resonator-based detection platform targeted at moni-
toring copper ion concentration in drinking water has been presented. The
capturing efficiency of two functionalization layers, CGGH and Cys, has
been tested in Cu+2 ion solutions of 10 µM. The model of interaction be-
tween Cys and copper ions, which suggests a copper ion to Cys molecule
ratio of 1:2, has been confirmed. A ratio copper ion to CGGH molecule of
4.8:1 has been measured. This is in contrast with the interaction model for
the tripeptide GGH accepted so far, which estimates this ratio to be 1:1.
We proposed a new model where 1 out of 4.8 copper ions is wrapped inside
the tripeptide GGH as predicted, while 3.8 ions are shared between different
CGGH molecules and bound thanks to the free ligands on the backbone of
the peptide. Moreover the control devices show that the unspecific binding
on the devices, while handling them in liquid and air, is approximately 20
times smaller than the copper capturing induced frequency shift, suggest-
ing that much lower concentrations can be achieved. More experiments to
determine the actual resolution limit must be carried out and finally, func-
tionalization layers specific for more toxic elements, used in electrochemistry
based detection, should be tested.
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LBAR based thermometer
for humid environment
This chapter presents the behavior of an LBAR based thermometer. Thanks
to the dependence of the Young’s modulus on the temperature, the resonance
frequency is influenced by the temperature. The evolution of temperature
sensitivity of the resonance frequency has been studied not only in vacuum,
but also changing the relative humidity of the environment. Finally, the BET
theory for gas adsorption is used to decouple the temperature effect and the
humidity effect on the resonance frequency.
6.1 Introduction to resonator based thermometers
Temperature is one of the fundamental thermodynamic properties. Many
material parameters, such as density, Young’s modulus, refractive index, re-
sistivity etc. are temperature dependent and several techniques have been
developed to precisely measure it, exploiting the dependence of this param-
eters [73].
A commercial quartz thermometer is available from Hewlett Packard, with
a resolution of 0.0001 ◦C. But, QCM are difficult to scale down in dimen-
sion and in the recent years microcalorimetry applications for bioanalysis
show that precise measurement of the temperature in close proximity of the
analyte is essential [74] [75]. In order to integrate a very sensitive temper-
ature sensor with miniaturized systems several microfabricated microres-
onator based temperature sensors have been realized. These devices rely
on the variation of the resonance frequency or the Q-factor with the tem-
perature [76] [77] [78] [79]. String based sensors have been presented with
sensitivity up to 1.74 ppc/◦C, where the frequency shift is induced by the
change in the mechanical stress of the string [76]. All the devices presented
so far work in vacuum, where the Q-factor is maximized, reaching resolution
of 0.008 ◦C and 0.002 ◦C. A device that could work at atmospheric pres-
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sure would be much more versatile, so it has been decided to use the LBAR
resonator which show a high Q-factor even at atmospheric conditions.
6.2 Behavior of the LBAR based thermometer in
vacuum
The dependence of the LBAR resonance frequency on the temperature has
been studied in vacuum (10−5 mBar), using the 1port setup. The chip con-
taining a device 30-6-3 (f0 = 49164 kHz) was placed on top of a peltier ele-
ment, while temperature was monitored by a high quality thermistor glued
in proximity of the chip. In Figure 6.1(a) the resonance frequency within
a range of 12 Celsius degrees is shown. In Figure 6.1(b) the response of an
LBAR resonator 50-6-4 at 34176 kHz at 10−5 mBar is also shown.
(a) LBAR at 49164 kHz (b) LBAR at 34176 kHz
Figure 6.1: Temperature response of the LBAR resonators in vacuum
The slopes for the LABR resonators at 49 MHz and 34 MHz are 1267
Hz/◦C (24.6 ppm/◦C) and 697 Hz/◦C (20.4 ppm/◦C) respectively. Since
the sensitivity is proportional to the resonance frequency the two normalized
sensitivities should be the same. The reason for the 18% deviation between
the two normalized values is still under investigation, but it is probably due
to the fact that the second slope was measured using a less stable tempera-
ture PID controller.
The change in resonance frequency is due to the change of the polysilicon
Young’s modulus and the expansion of the resonator under the tempera-
ture variations. In order to understand the role of these two contributions
the derivative of the resonance frequency with the temperature has been
calculated as
df0(E,L)
dT
=
∂f0
∂E
∂E
∂T
+
∂f0
∂L
∂L
∂T
= −f0[
1
2
CE + α] (6.1)
where, f0(E,L) is the resonance frequency, E is the Young’s modulus, L is
the length of the LBAR, α is the expansion coefficient of the polysilicon and
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CE is the temperature coefficient for the Young’s modulus. Using equation
6.1 the contribution of the Youngs modulus can be extracted and it results
to be 44 ppm/K (where α = 2.6 ppm/K). Only two references are available
for this material parameter. In reference [80] the value is 74.5 ppm/K, while
in reference [81] the number is 30 ppm/K. The same material parameter
for crystal silicon is 60 ppm/K [82]. Considering these reference numbers
our result falls within the range of possible values. Using the frequency
short-term noise floor shown in section 4.1.2, the LBAR based thermometer
resonating at 49164 kHz has an interesting resolution of 0.0003 ◦C under
vacuum conditions. This resolution is one of the lowest found in literature
for a resonator based thermometer.
6.3 Behavior of the LBAR based thermometer in
humid environment
6.3.1 BET theory for water adsorption
The BET theory (from the initials of the inventors Stephen Brunauer, Paul
Hugh Emmett, and Edward Tell) is used in many gas adsorption experiments
as the describing isotherm and to calculate the important parameters of the
adsorption process. This theory is an extension of the Langmuir isotherm
for monolayer formation. Both theories are based on the balance that must
arise between the condensing gas on the surface and the desorption process,
and in case of multilayer formation, taking into account the contributions
from all the adsorbed layers [83]. The BET isotherm equation is
ϕ
N( 1ϕ − 1)
=
1
cNm
+
(c− 1)
cNm
ϕ (6.2)
where the BET constant c is defined as
c = exp[
Ea − El
RT
] (6.3)
where, N is the total number of water molecules, ϕ is the relative humidity,
Nm is the number of molecules that constitute one monolayer, Ea is the heat
of adsorption, El is the heat of liquefaction, R the gas constant and T is
the temperature. Since the successive measurements are done measuring
the frequency shift ∆f referred to the resonance frequency at zero relative
humidity the isotherm is rewritten
ϕ
∆f( 1ϕ − 1)
=
1
c∆f0
+
(c− 1)
c∆fm
ϕ (6.4)
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where it has been taken into account the fact that the frequency shift is
linear with the amount of water molecule adsorbed. In order to extract from
the adsorption data the BET constant and the monolayer quantity, the data
should be plotted as the linear form expressed by equation 6.4, where the x-
axis is the relative humidity and on the y-axis the quantity ϕ/[∆f(1/ϕ−1)].
From the intercept I and the slope S, c and ∆fm can be calculated as
∆fm =
1
I + S
(6.5)
c =
S
I
+ 1 (6.6)
In consideration of the experiments here reported the dependency on the
temperature of the BET isotherm is analyzed. As reported by Brunauer
et. al. in their original paper [83], the BET c exponentially depends on the
temperature, but also N and the Nm depends on the temperature as well.
Nm decreases as the temperature increases due to the thermal expansion
of the adsorbed layer. This suggests that Nm changes with temperature
as ρ
2/3
l , where ρl is the density of the liquefied water. Following the same
argument N varies as ρ
1/3
l , contributing with a very slight variation. The
exponentials of the two dependencies (2/3 and 1/3) are due to the fact that
Nm is considered a bidimensional monolayer, whereas N is considered a 3D
volume.
As highlighted by Brunauer et. al, one can not always safely assume these
dependencies for Nm and N, since much greater changes have been reported
[83]. In the next section it will be shown how far from this prediction the
temperature dependence is for the polysilicon-water surfaces.
6.3.2 Measurements
The behavior of the LBAR has also been characterized in humid environ-
ment. The device was placed in a custom made environmental chamber,
where the relative humidity (RH) and the temperature of the resonator could
be controlled during the entire experiment. The temperature was controlled
by means of a Peltier cell placed right below the chip, with a temperature
sensor close to it. The RH in the environmental chamber was controlled
by mixing dry nitrogen (N2) and wet nitrogen (dry N2 bubbling through
a glass bottle filled with fresh Milli-Q water) using precision valves. The
humidity was changed within a working range from 1% up to 95% with a
resolution of 0.1%, while the temperature of the resonator was controlled
using a closed loop electronics with a resolution of 0.05◦C. The frequency
noise in the experiments was of 50 Hz, giving rise to a mass resolution of
30 attograms/m2. Since the mass density of a water monolayer on a surface
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is of 300 attograms/m2, the device is able to detect the formation of water
submonolayers. In Figure 6.2 a adsorption curve is shown (several curves
have been acquired, but do not differ significantly from the one shown). In
order to control that the acquired adsorption isotherm can be described by
the BET model for low humidity, the data have been plotted as equation 6.4
and the BET constant c has been calculated by equation 6.6, giving a value
of 3.98 (see Figure 6.3) and a monolayer quantity ∆fm of 1414 Hz. This c
values corresponds to a heat of adsorption of 43.8 kJ/mol (where the heat
of liquefaction is 40.7 kJ/mol), which is close the one found in literature of
43±1 kJ/mol for a SiO2 surface [84].
Figure 6.2: Adsorption curve of the LBAR resonator (black) and BET isotherm (red)
Even if the BET theory permits to calculate correctly the heat of ad-
sorption, it is clear that the adsorption at high humidity does not follow
the BET curve. The strong adsorption shown by the BET curve at high
humidity is due to the fast condensation of water molecules and predicts a
frequency shift of ∼ 28 kHz at 95% if the c and ∆fm values from the linear
fitting are used. The measured curve indicates a frequency shift of ∼ 12 kHz
and moreover, the slope starting from RH=75% is much less compared to
the theoretical prediction. Several possible causes have been investigated in
order to justify this behavior.
Resonator temperature The temperature of the resonator has been FEM
simulated including the Joule heating from the output current, which
leaves from the anchor of the device. A higher resonator temperature
with respect to the water vapor temperature would reduce the con-
densation of the water molecules. The increase in the resonator tem-
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Figure 6.3: Linear fitting of the adsorption data (black)
perature due to Joule heating was found less than 1 m◦C. Thereby,
this increase can not justify the adsorption behavior of the resonator.
Viscous effect The LBAR senses the liquid mass by oscillating and the
change in resonance frequency is due to the change of the total kinetic
energy (see equation 2.48). If the deposited mass is solid the resonator
displacement is perfectly transferred, instead when the shear force ap-
plied from the resonator surface is transmitted into the liquid deposit
a displacement gradient across the thickness of the liquid layer must be
considered. The presence of the gradient reduces the change in kinetic
energy and three parameters determine the reduction: the resonance
frequency, the viscosity and the thickness of the liquid deposit. Using
the theory provided for QCM crystal by Glassford [85] the reduced
sensitivity of the LBAR due to the viscosity of the liquid has been
calculated. The thickness of the water layer at RH=95% has been
estimated between 1 to 10 nm considering the distributed mass sensi-
tivity in gas phase. For these thickness values the response reduction
is below 10%, so this effect can not explain the resonator behavior at
high humidity.
water induced discharging During the acquisition of the adsorption isotherms
a reduction in the amplitude of resonant signal has been noticed. This
effect has been related to the discharging of the resonator surface by
the water layer deposited [86]. The discharging of the resonator surface
reduces the voltage difference between the electrodes and the resonator
surface of ∼0.6 V, thus increases the resonance frequency thanks to
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the electrostatic softening effect (see equation 2.28). In order to keep
constant the resonant amplitude a closed loop circuit that regulates
Vp has been implemented. This effects accounts for only 1 kHz, thus
can not explain the measured adsorption isotherm in Figure 6.2.
A satisfactory explanation of the behavior of the LBAR at high humidity
has not been found yet. Moreover, at the end of this section an other mea-
surement at high humidity, where the BET theory can not reproduce the
data, will be discussed.
Figure 6.4 presents the resonance frequency vs temperature curves at two
different humidities. It is clear that, even if the two curves are linear, they
have a different slope (1015 Hz/◦C at 5% RH and 791 Hz/◦C at 50% RH).
In order to explain the resonator behavior two effects should be taken
into account: 1) increasing the temperature the resonance frequency de-
creases, because the Young’s modulus of polysilicon also decreases and the
resonator expands; 2) increasing the temperature the resonance frequency
increases, because some of the condensed water on the resonator surface
evaporates. This means that the evaporation from the surface is partially
counterbalancing the effect from the Young’s modulus, making the reso-
nance frequency of the device less sensitive to the temperature. The amount
of water that evaporates depends from the relative humidity, hence the res-
onator slopes frequency/temperature. In Figure B.3 the slope resonance
frequency/temperature for three different devices are measured at differ-
ent humidities. Considering the short-term frequency noise floor in section
4.1.2, the resolution of the device in atmospheric conditions (at zero relative
humidity) is 0.003◦C.
The BET adsorption isotherm depends on the temperature since the BET
constant and the monolayer quantity depends on the temperature. The fit-
ting between the slopes measured at different humidities and the curve pre-
dicted by this theory is shown in Figure B.3(red line). The change in the
Young’s modulus has been considered constant and a slope of 1050 Hz/◦C is
assumed for zero relative humidity (where only the Young’s modulus and the
thermal expansion matter). The difference between the temperature slope
in vacuum and the slope in dry air is probably due to convection. The BET
slope curve (red line) is obtained by subtracting to the slope value at zero RH
(1050 Hz/◦C) the frequency shift induced by the decrease of the adsorbed
water per degree calculated by the BET equation 6.4. In order to obtain a
good agreement between the data and the theoretical curve a variation of
the monolayer quantity ∆fm of 12% per degree has to be used. This value
is approximately 10 times larger than the value estimated by the density
consideration.
A point where the BET theory fails to reproduce the measured data is the
frequency/temperature slope at 80%(see Figure 6.6). The slope reported in
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Figure 6.4: Resonance frequency vs. temperature characteristics measured at 5% RH
and 50% RH
Figure 6.5: Slopes of the linear freq/temp characteristics measured at different relative
humidities
Figure B.3 is measured on the linear part of the curve, but the initial part
rises instead of decreasing and it has a maximum around 3 degrees above
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Figure 6.6: Resonance frequency vs temperature characteristic measured at 80% RH
room temperature. This means that at this humidity the amount of water
that leaves the surface generates a higher frequency shift upwards than the
frequency shift induced by the change in the Young’s modulus.
6.4 Conclusions and outlook
The possibility of using the LBAR resonator as a very sensitive thermometer
has been investigated. The temperature sensitivity of the device in vacuum
has been measured (24.6 ppm/◦C) and a resolution of 0.3 m◦C has been
obtained. Two effects contribute to the negative change of the resonance
frequency. The most important is the change of the Young’s modulus which
contributes with 44 ppm, while the thermal expansion contributes with 2.6
ppm. Moreover, the dependence of the sensitivity on the relative humidity
has been analyzed. In this case the sensitivity decreases from 1050 Hz/◦ to
286 Hz/◦ changing the RH from 0% to 80%. The evaporation of water from
the surface is the third effect that has to be taken into account when the
resonator is in humid environment. This contribution counterbalances the
other two, reducing the temperature sensitivity. At 80% RH the evaporation
is the largest effect and the temperature sensitivity changes sign. More ex-
periments have to be carried out to measure the evolution of the frequency
noise and Q-factor at different humidities.
Many commercially available humidity sensors are capacitive based. The
LBAR could be used as a relative humidity and temperature sensor at the
same time. In fact, thanks to the burst mode the parallel capacitance can be
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measured and this value changes when RH is modified [59] [58]. This effect
has been shown by Meng Tang during her Ph.D. studies. On the other hand
the frequency depends on the temperature and the temperature sensitivity
of the resonator can be calibrated as shown previously. This means that a
compact miniaturized temperature and humidity sensor based on an LBAR
could be developed and integrated in many sensing platforms.
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Monitoring the hydration of
DNA monolayers using an
LBAR microresonator
This chapter reports on the investigation on the hydration of DNA mono-
layers immobilized on the surface of an LBAR. Several DNA-functionalized
LBARs were placed in an environmental chamber to control the temper-
ature and the humidity for studying the thermodynamic properties of the
structural water shells surrounding DNA. The data reported in this chapter
have been obtained in collaboration with the group of Bionanomechanics
Lab, lead by Dr. Javier Tamayo and Dr. Montserrat Calleja at Madrid Mi-
croelectronics Institute (IMM).
7.1 Introduction to DNA Hydration
The hydration of DNA is relevant because in physiological conditions, the
arrangement of the water molecules and counterions near the DNA strongly
influences its mechanical stability, conformation and interactions [87]. How-
ever, little is known about how the interaction between the water molecules
and the DNA acts on fundamental life processes such as replication, tran-
scriptions, condensation and interaction with proteins [87]. It is well-known
that there are differences in the properties of the water at the surface of
nucleic acids and in bulk solution [88] [89]. In physiological conditions, it
is estimated that DNA is surrounded by approximately two layers of wa-
ter molecules (0.4 nm thick) that are strongly bound to the DNA skeleton
and exhibit low mobility [88]. The release of a molecule from the structural
water shells gives rise to an entropic force, referred to as hydration force
that govern many of DNA interactions with other nucleic acids as well as
with proteins [88] [90] [89]. A difficulty to study the DNA/water interac-
tions is that the properties of the hydration shells are strongly masked by
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the bulk water. A second difficulty is that water is a very light molecule
that only weighs 30 yoctograms (1 yoctogram=10-24 gr), and hence it is
hardly detectable. It is known that the hydration shells retain its identity
in ambient conditions, and hence by studying the thermodynamic proper-
ties of the DNA-immobilized on an LBAR surface using en environmental
chamber, it is possible to get new insight on the interaction between DNA
and water [30].
7.2 Distributed mass sensitivity calibration of the
LBAR devices
Only the 30-6-3 LBAR devices (49.164 MHz) have been used for the ex-
periments and their resonant signals has been measured using the 1-port
setup(see Figure 4.1). An Agilent Spectrum Analyzer N9320 (9 kHz - 3.0
Ghz) with an added tracking generator, combined with a low noise dc power
supply PL601-P (60V, 1.5A) from Aim TTi Instruments, have been used.
The DMS for the LBARs used in this work was determined experimentally
by measuring the resonance frequency shift after the e-beam evaporation of
2 nm thick chromium adhesion layer and 20 nm thick gold layer onto all the
microresonators at 0.2 A˚/min. On the gold surface the DNA self-assembled
monolayers are subsequently formed by means of the thiol-chemisty. From
the measurement of 18 different resonators, we obtained a DMS of 1.693±0.1
kHzµm2/fg, which is slightly lower than the DMS reported in the characteri-
zation chapter. This is due to the fact that the gold layer used here, is thicker
than the one use for the characterization leading to a reduced DMS(see figure
2.17). In the following experiments, the DMS value was used to calculate the
masses corresponding to the water adsorption and desorption on the DNA
films, multiplying the DMS by the registered frequency shifts.
7.3 Immobilization of the ssDNA monolayers
The LBARs frequencies were measured before and after the immobiliza-
tion of single stranded (ss) 16 mer DNA with a thiol linker to form a self-
assembled monolayer on the gold surface. A frequency shift of 5±1 kHz
was observed and from this value the surface density of about 3.34 x 1013
chains/cm2 was estimated (around 1.7 nm separation). Thiolated ssDNA is
able to form highly packed SAMs on gold with a coverage between 1012 to
1013 probes/cm2 and considering that the LBAR polysilicon surface is not
flat, with a roughness of 80 nm and a peak to peak distance of 140 nm, the
high value found for the density coverage is expected [91]. Moreover, the im-
mobilization of the ssDNA was performed in high ionic strength (NaCl 1M)
and it is known that the the kinetics of immobilization depends strongly on
solution ionic strength [92]. The oligonucleotides sequences used were the
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thiol-modified 16-mer probe 5’-HS-CTACCTTTTTTTTCTG-3’, the fully
complementary target
(5’-CAGAAAAAAAAGGTAG-3’) and the non complementary target used
as negative hybridization control (5’-AGCTTCCGTACTCGAT-3’). Prior to
use, the samples were resuspended in PBS buffer with 1M NaCl (pH 7.5)
and divided in aliquots of the desired volume and concentration without
further modification. Freshly coated resonators were incubated with 5 µM
of the thiol-modified single stranded DNA probe (ssDNA) at room tem-
perature and under gentle agitation for 20 hours in order to immobilize a
densely packed DNA layer. After immobilization, each sample was rinsed se-
quentially with PBS buffer with 1M NaCl and DNase/RNase free water to
discard unspecific interactions. Afterwards, the resonators were dipped into
isopropanol to avoid the collapse of the resonator and then dried under a
stream of dry N2 gas. The hybridization of the functionalized resonator with
the complementary sequence was performed in PBS with 1M NaCl at room
temperature and under agitation during 2-4 hours. Solutions for control and
hybridization experiments contained 1 M target DNA.
7.4 Adsorption isotherms of the DNA monolayers
After DNA immobilization and hybridization, the microresonators were placed
inside an environmental chamber where the relative humidity (RH) and the
temperature of the resonator could be controlled during all the experiment.
The temperature was controlled by means of a Peltier cell placed right bel-
low the resonator, with a temperature sensor close to it. The RH in the
environmental chamber was controlled by mixing dry nitrogen (N2) and wet
nitrogen (dry N2 bubbling through a glass bottle filled with fresh Milli-Q
water) using precision valves. The humidity was changed within a working
range from 2% up to 70% with a resolution of 0.1%, while the temperature of
the resonator was controlled using a closed loop electronics with a resolution
of 0.1◦C. Prior to the measurement and to ensure that the microresonator
surface was completely dry before starting the experiment, the resonators
were equilibrated below RH 2% for several hours. In Figure 7.1 the adsorp-
tion isotherms for the gold-coated and ssDNA functionalized resonators are
shown for a relative humidity from 2% to 65% at 27±1◦C.
Only the adsorption curve was acquired and not the entire cycle adsorp-
tion/desorption. This is because the acquisition of the adsorption curve
lasted approximately 6 hours (in order to have 50Hz frequency noise floor)
and temperature drift was a major problem. The reason for this large acqui-
sition time was the large volume of the chamber, where not only the chips
but also the probes where accommodated. Unfortunately, it was not possible
to control the temperature of the incoming gas, so the acquisitions were done
during the night, when the temperature of the laboratory was oscillating less
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Figure 7.1: Adsorption isotherms for the gold surface and ssDNA surface
than 1◦C, to be sure that there was no contribution to the frequency shift
from the temperature variation. During the morning the laboratory temper-
ature was rising fast 3 to 4 degrees more than during the night. This would
have introduced unacceptable and not reproducible temperature drift to the
measurements.
The error bars in Figure 7.1 arise from the standard deviation of the isotherms
between different resonators. The isotherms for the DNA control and hy-
bridized DNA surfaces were also acquired, but they were indistinguish-
able within the measurement error. We relate this to the low hybridiza-
tion yield of these highly packed ssDNA monolayers, that is in the 5 to
10% range [92] [93]. The isotherm for the gold surface lies below the ssDNA
isotherm, which indicates that the DNA monolayer adsorbs more water than
the flat gold surface. It has been reported that the water forms a monolayer
for a relative humidity of about 65% [94]. However, the ssDNA monolayer
in which the strands are standing up provide multiple binding points along
the DNA chain.
Since the water is adsorbed in all the regions of the resonator, the two
isotherms were subtracted in order to obtain just the contribution from the
functionalized area. Using the sensor DMS the differential adsorbed water
(the extra water adsorbed by the functionalized area) was calculated and, fi-
nally, from the DNA immobilization density, the number of water molecules
per nucleotide (see Figure 7.2). To the number of water molecules shown in
Figure 7.2, one must include the primary water shell formed by between 2
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Figure 7.2: Number of water molecules per base as a function of the relative humidity
(the circles are the adsorption data from Falk et. al.)
and 3 water molecules per nucleotide that are strongly bound to the phos-
phate skeleton groups and can not be removed even in very dry conditions.
The number of water molecules per nucleotide as a function of the humidity
is in good agreement with the data presented by Falck et al. and Armitage
et al. on DNA fibers [94] [95], also presented in Figure 7.2.
The water adsorption isotherm shown in Figure 7.1 is related to the forma-
tion of the secondary water shell that mainly occurs at the ionic phosphate
groups present in the DNA structure that have a high affinity for water [96].
The oxygen atoms of the carbonyl and sugar groups and the nitrogen atoms
of the heterocyclic bases have a relatively low affinity for water molecules
and play only a secondary role in the hydration of DNA. At ∼65% RH about
6 water molecules are adsorbed completing the hydration of the phosphate
groups. The carbonyl and ring nitrogen atoms become hydrated for higher
humidities [94].
7.5 Water desorption induced by heat transfer
In order to measure the water desorption properties of the DNA monolayer,
the temperature of the resonator’s surface was increased from room tem-
perature by ∼7◦C, keeping fixed the relative humidity, while the resonance
frequency was monitored at the same time. This procedure was repeated
at 2%, 5%, 20%, 35%, 50% and 65% relative humidity. In Figure 7.3 the
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Figure 7.3: Temperature dependence of the resonance frequency for the gold surface and
the DNA hybridized surface at 50% RH
typical response of the resonance frequency of a gold coated resonator and a
hybridized DNA functionalized resonator are shown for a humidity of 50%.
As can be seen the resonance frequency changes linearly within the tem-
perature range. The frequency vs. temperature curves are well fitted with
a linear curve for all the surface conditions up to 65% relative humidity, so
that the slopes are all well defined. In Figure 7.4 the absolute values of the
slopes frequency vs. temperature for the different functionalized resonators
are plotted for the different values of the relative humidity. As explained in
chapter 6 there are three contributions that must be taken into account to
explain the reduction of temperature sensitivity with increasing humidity.
The Young’s modulus decreases and geometry expands with the tempera-
ture , but these effects are constant at any humidity. Thereby, the different
slopes in Figure 7.4 for different surfaces can only be explained by a differ-
ent magnitude of the evaporation effect. It is clear that for the gold coated
and the DNA functionalized resonators, the relative importance of the water
evaporation is markedly different.
Since the change of the resonance frequency with the temperature, due to
the Young’s modulus decrease, is constant with the humidity, subtracting
the Gold resonator data and the DNA functionalized data of Figure 7.4 ,
permits to highlight only the contribution of the water evaporation. Using
the sensor DMS previously measured, it is possible to calculate the amount
of water that is leaving the surface per Celsius degree, and considering the
immobilization density the number of water molecules per base per Celsius
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Figure 7.4: Temperature dependence of the resonance frequency for the Gold surface, the
DNA hybridized surface, the ssDNA surface and the control surface for 2%< RH <65%.
degree is obtained (see Figure 7.5). Inspecting Figure 7.5, it is seen that the
hybridized DNA surface desorbs up to 1 water molecule per degree at 65%
of relative humidity, while the ssDNA surface desorb only 0.3 molecules
per degree. This means that the conformation of the DNA film is highly
modified after hybridization even if the yield is below 10%. A similar effect
was already registered by Mertens et. al. [30]. They measured the deflec-
tion induced by the surface stress of a microcantilever placed in a humidity
controlled environment and observed that the response of the surface stress
vs. humidity dramatically changes if the DNA monolayer is single strain or
hybridized.
Moreover, using the heat capacitance of liquid water (Cp = 75.32 J/K mol)
the energy that is needed to desorb one water molecule from the hybridized
DNA surface is calculated (see Figure 7.6). The desorption energy is higher
at lower humidity, since the phosphate groups have a high affinity for water.
Instead, at higher humidity the phosphate groups are partially encapsulated
in water, and the following water layers around these groups are less tightly
bond.
7.6 Thermodynamic model based on the Henry’s
isotherm
As it was done for the adsorption data in chapter 6, the adsorption data
of the different DNA and gold surfaces have been analyzed with the BET
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Figure 7.5: Number of desorbed water molecules per Celsius degree from the ssDNA
functionalized surface, the DNA hybridized surface and the control surface with respect
to the gold surface.
Figure 7.6: Desorption energy of a water molecule from the DNA hybridized surface for
2%< RH <65%.
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theory. Since the accuracy of fitting with the BET theory was very poor,
different adsorption isotherms have been tested in order to find a theoretical
isotherm that could reproduce the experimental data. The best fitting was
found for the Henry’s isotherm model, which has been used to estimate the
heat of adsorption of the DNA functionalized surfaces. The Henry’s isotherm
is expressed as
c = Kp (7.1)
where c is the amount of water on the surface in [Hz], p is the relative
humidity and K is defined as
K = K0exp(Q/RT ) (7.2)
where K0 is a constant, Q is the heat of adsorption and T is the tempera-
ture. The constant K0 and the heat of adsorption Q have been calculated by
fitting the Henry’s isotherm to the adsorption curves (see Figure 7.7) and to
the slopes data (see Figure 7.8). The linear behavior holds till approximately
50% relative humidity and within this range the values obtained for the Q
are 32.5±15 kJ/mol for the ssDNA surface and 52±10 kJ/mol for the DNA
hybridized surface. The heat of adsorption reported by Falck et. al using
the BET theory was 46 kJ/mol for the DNA fibers. The Henry’s isotherm
is quite inaccurate for the estimation of the heat of adsorption, since any
error on the slope measurement influence exponentially the extracted heat
of adsorption. In any case the linear isotherm is well reproducing the general
tendency, both in terms of adsorption and temperature dependence.
(a) Fitting of the Henry’s isotherm to
the adsorption data for ssDNA
(b) Fitting of the Henry’s isotherm to
the adsorption data for hybridized DNA
when the resonator temperature is 303
K and 306 K
Figure 7.7: Fitting of the Henry’s isotherms to the adsorption data
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Figure 7.8: Fitting of the Henry’s model to the slopes data of Figure 7.4
7.7 Conclusions
The data presented show that the interaction between water molecules and
DNA changes if the DNA monolayer is hybridized or not. The difference
between the ssDNA and hybridized DNA surfaces was not detected by the
adsorption isotherms, but a significant difference was observed due to wa-
ter molecules desorption from the ssDNA and the hybridized DNA surfaces
when the resonators were heated. Considering that the hybridization in-
volves only 5-10% of all the ssDNA, it is interesting to notice that a large
part of the DNA self-assembled monolayer configuration must be altered by
the hybridization process to justify the big difference in the desorbed water
molecule per base per degree. This information gives a new insight on the
water DNA interaction and opens the possibility to develop a new paradigm
for label free detection of hybridization events. In order to investigate the
effect of the immobilization density on the water desorption for hybridized
DNA, surfaces with different immobilization densities and different numbers
of bases should be studied. Improving the environmental chamber by reduc-
ing its volume and introducing a temperature control on the incoming gas,
would reduce the acquisition time and the temperature drift. This would en-
able the acquisition of the entire cycle of adsorption/desorption, from which
new information on the water/DNA interaction could be deduced.
In Appendix B the preliminarily data for a DNA sequence of 25 bases and
experiments with the disk resonators are included. The adsorption data and
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the temperature dependence data for this sequence show the same behaviors
illustrated in the next sections, but the results are preliminary.
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Improvement of the
distributed mass sensitivity
using silicon nanograss
In this chapter it is demonstrated how it is possible to improve the dis-
tributed mass sensitivity of an LBAR by incrementing the surface area. This
is obtained by etching a nanograss layer into the body of the polysilicon res-
onator after releasing it. A model is proposed to estimate the effect of the
nanograss on the mechanical properties of the devices and to separate these
effects from the surface change. The presented measurements were obtained
by Jakob Lyager during his master project under my supervision.
8.1 Introduction to silicon nanograss and sensitiv-
ity considerations
The plasma etching of silicon can be achieved by different halogen-based
plasmas inside reactive ion etching parallel plate machines. By tuning the
flow of the different gases, the pressure inside the chamber and the power
different profiles can be achieved [97]. Initially, black silicon was an undesired
side-product in semiconductor plasma processing because of the creation of
damaged rough surfaces. In Figure 8.1 polysilicon nanograss is shown. How-
ever, many applications, including photovoltaic solar cells [98], accelerome-
ters [99],photodetectors [100], surface with controlled wettability [101] and
new substrate for surface enhancement raman scattering [102] benefit from
the nanoscale morphology of black silicon and have recently attracted con-
tinuously increasing interest.
The RIE used to create the polysilicon nanograss presented here is a based
on a SF6 and O2 plasma. In this plasma the silicon etching species is the F
∗
radical, that reacts 4F ∗ + Si → SiF4, while the O2 is the passivating ele-
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(a) LBAR-electrode area before nanograss
etching
(b) LBAR-electrode area after nanograss
etching
(c) Detail of the polysilicon nanograss
Figure 8.1: SEM micrographs of the nanograss
ment that creates a protection layer of SiOxFy on the vertical walls. Finally,
the species responsible for the horizontal sputtering of the passivation layer
is the SF+x , that is accelerated by the self-induced DC bias of the plasma.
During the etching there is a trade off between the fluorine radicals that
etch and the oxygen radicals that passivate the silicon. At a certain oxygen
content the etching and the passivation are balancing each other so that a
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nearly vertical walls are achieved. Because of the anisotropic etching spikes
will appear, when this balance is reached, and native oxide, dust, etc. act
as micromasks. These spikes has a silicon center covered with a thin passi-
vating SiOxFy skin. They will become higher by increasing the etching time
and the light can be trapped in the areas between the spikes, so that all it
is collected by the black etched surface [97]. The nanograss property that
has been exploited here is the very high surface roughness. The influence
of high surface roughness has been studied on mechanical micro and nanos-
tructures such as cantilevers or bridges [103] [104], but silicon nanograss has
never been used to improve the distributed mass sensitivity by increasing
the total capturing surface of a mechanical resonator. Lee et. al. reported
an improved micro-capacitive humidity sensor where a polymer nanograss
has been used [105], while Lee et. al. recently demonstrated that is possi-
ble to highly increase the mass sensitivity by growing densely packed ZnO
nanorods or using porus cantilevers [106] [107] [108].
Considering the expression of the distributed mass sensitivity for a bulk
resonator
DMS =
f0
2meff
Aeff (8.1)
the nanograss will affect all three parameters, since mass will be removed
by the etching and extra surface will be created. These three contributions
will be separated and analyzed in the next sections. The nanograss has been
etched into 4 chips and on each chip three different types of 30 µm long
LBAR have been tested. In this chapter type 1 is a 30-6-2-design2 LBAR ,
type 2 is 30-6-3-design2 LBAR and type three is 30-6-3-design1 LBAR.
8.2 Fabrication and characterization of the polysil-
icon nanograss
The nanograss was etched into the LBAR using a Reactive Ions Etching
system using the recipe in table 8.1. This recipe was provided by Dr. Schmidt
who has been working with nanograss to create new SERS substrates. The
recipe has been developed for single crystal silicon substrate but it turned out
that it can also be used for polysilicon, showing that the crystallographic
disorder is not an issue. In Figure 8.1 the end of one of the beams of an
LBAR is shown after nanograss etching. It can be seen that the nanograss
is is also etched on the electrodes. It should be also noticed that there is
a shadow effect of the overhang on top of the resonator (see Figure 8.1).
Considering that the alignment of the mask that defines the resonator and
the mask that defines the electrodes is not always perfect (see chapter 3),
this can result in a slightly different etched area for the two beams of an
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LBAR. This creates a decrease in the Q factor, as explained in the next
section. Four SEM micrographs with a close view of the nanograss after 1.5
minutes, 2.5 minutes, 3.5 minutes and 4.5 minutes of etching are shown in
Figure 8.3. The thickness of the nanograss and the overall etched thickness
are illustrated in Figure 8.2 while in table 8.2 the average thicknesses for the
different etching times are reported. The thicknesses were measured using a
SEM and a profilometer ave.
Power [W] Pressure [mTorr] O2 [sccm] SF6 [sccm]
30 28 30 30
Table 8.1: Settings used to etch nanograss into the LBARs
Figure 8.2: Definition of the different thicknesses: t0 is the original thickness, tr is the
residual thickness of the LBAR resonator, tNG is the thickness of the nanograss layer and
tall is the overall etch thickness
Chip name Etch time [min] t0 [nm] tNG [nm] tr[nm] tall
Chip 0 0 2447 0 0 0
Chip 15 1.5 2447 70 2316 62
Chip 25 2.5 2447 173 2195 80
Chip 35 3.5 2447 246 1990 112
Chip 45 4.5 2447 263 1779 406
Table 8.2: Table of thicknesses
8.2.1 LBAR performance after nanograss etching
After etching the nanograss into the LBAR the resonance frequency and the
Q-factor have been measured using the burst mode set-up. Even if the etch-
ing removes materials from the device, suggesting a possible upwards shift
of f 0, the resonance frequency shows a clear lower value after etching(see
Figure 8.4). Figure 8.2, where the device after etching is illustrated, shows
the reason for this negative shift. The nanograss layer and the non etched
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(a) 1.5 minutes nanograss etching (b) 2.5 minutes nanograss etching
(c) 3.5 minutes nanograss etching (d) 4.5 minutes nanograss etching
Figure 8.3: SEM micrographs of the nanograss for different etching times
areas underneath the electrodes can be considered as extra mass on top of
a resonator with thickness tr. Thus, this extra mass lowers the resonance
frequency and the thinner is the resonator the more sensitive it is.
The Q-factors of the nanograss devices are shown in Figure 8.5. It is seen
that the Q-factor decreases when the etching time increases for all devices.
This is due to the misalignment of the electrodes with respect to the res-
onator that leads to a different nanograss area on the two beams of the
resonator. This implies that the resonance frequencies of the two beams of
an LBAR after the etching are slightly different unbalancing the resonator
and widening the resonant signal. For an etching time of 4.5 minutes two
different resonant peaks were clearly distinguishable for one LBAR device
(see figure 8.6), it is believed that the imbalance of the LBAR is the main
reason for the drop in Q-factor as also demonstrated by Mattila et al. [48].
Moreover, not only the Q-factor is affected but also the amplitude of output
signal is decreased by the splitting, because the coupling factor η is divided
by 2 when a complete splitting is present (like if both beams act as separated
resonators). In Figure 8.7 the frequency noise for the different etching times
is shown. As can be seen the noise level increases with the etching time. This
is caused by the reduction of the Q-factor and the reduction of the output
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signal amplitude due to the splitting.
Figure 8.4: Frequency shifts induced by the etching of nanograss. The resonance fre-
quency of the resonators decreases up to 3.5 MHz (7%)
Figure 8.5: Q-factors after the etching of the nanograss
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Figure 8.6: Splitting of the resonant peak after 4.5 minutes of nanograss etching
Figure 8.7: Frequency noise for the devices after the nanograss etching)
8.3 Estimation of the improved distributed mass
sensitivity
The effect on the distributed mass sensitivity of the nanograss is analyzed in
this section. Considering that the nanograss affects the resonance frequency
f 0, the effective mass meff and finally the total surface Aeff , the distributed
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mass sensitivity of the LBAR can be rewritten from equation 8.1 as
DMSNG =
fNG
2meff,NG
Aeff,NG ≡ f0(1− αf )
2meffαm
αAAeff (8.2)
where, f NG, meff,NG, Aeff,NG are the parameters after etching the nanograss
and the three coefficients αf , αm and αA represent their change. αf is defined
as
αf ≡ ∆fNG
f0
(8.3)
where ∆fNG is the frequency shift after etching the nanograss. In order
to measure this parameter the frequency before and after nanograss should
be acquired. The coefficient αm is defined as
αm ≡ meff,tr +meff,tNG
meff
=
tr
t0
+
tNG
t0
ρNG
ρSi
(8.4)
where meff,tr = AeffρSitr is the effective mass of the residual part of the
resonator, meff,tNG = AeffρNGtNG is the effective mass of the nanograss
and the non etched areas and meff = AeffρSit0 is the effective mass of the
resonator before the nanograss. The three thicknesses are defined in Figure
8.2. Finally, the coefficient αA is defined as
αA ≡ Aeff,NG
Aeff
(8.5)
In order to relate the coefficient αm with the frequency shift after the
nanograss etch and the residual resonator thickness tr, the nanograss and
the non etched areas are considered as a layer with zero contribution to the
effective spring constant but with a certain mass, on top of a resonator of
thickness tr. The frequency shift induced by the added nanograss can be
calculated as
∆f0 = DMStr tNGρNG (8.6)
where,
DMStr =
f0
2meff,tr
Aeff =
f0
2ρSitr
(8.7)
In order to calculate DMStr , the distributed mass sensitivity of the resid-
ual LBAR resonator, it is exploited that the resonance frequency of the
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Resonator type 0 min 1.5 min 2.5 min 3.5 min 4.5 min
1 1 1.03845 1.05537 1.13749 1.2325
2 1 1.0274 1.03578 1.05258 1.12575
3 1 1.03258 1.06624 1.12997
Table 8.3: Table of K
device does not depend on the thickness of the resonator so it is possible
to assume fr = f0. By inserting equation 8.7 into equation 8.6 the ratio
ρNG
ρSi
is found. Finally, an expression for αm that depends only on the fre-
quency shifts ∆fNG and the thicknesses after the etching of the nanograss
is obtained
αm =
tr
t0
(1 + 2
∆fNG
f0
) (8.8)
To summarize, the sensitivity of the resonator with nanograss can be
expressed as
DMSNG =
f0(1− αf )
2meffαm
αAAeff = DMS0KαA (8.9)
where,
K ≡ 1− αf
αm
(8.10)
αA ≡ Aeff,NG
Aeff
(8.11)
where DMS0 is the initial distributed mass sensitivity, the coefficient K
contains the effect on the DMS from the change in thickness and resonance
frequency, while the coefficient αA expresses the gain in terms of total sur-
face.
The resonance frequencies before and after the nanograss can be extracted
from Figure 8.4, while the thicknesses can be found in table 8.2. From these
values the coefficient K can be calculated for the different devices (see table
8.3). It is seen that K increases for higher etching times and this increases
the DMS by up to 13%.
In order to estimate the coefficient αA a CVD deposition of a teflon like
polymer has been performed. The plasma assisted deposition is supposed
to be conformal, so that the entire roughness of the surface can exploited.
The four chips with nanograss and the chip with no nanograss have been
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Figure 8.8: Frequency shifts after the plasma assisted CVD deposition of Teflon like layer
exposed to the plasma for 1 minute. A deposition rate of 25 nm/min was
previously estimated by Dr. Keller. This deposition time has been used in
order to have a sufficiently large frequency shift, but also a not too thick
teflon layer compared to the nanograss thickness. The frequency shifts are
shown in Figure 8.8. As can been the frequency shift is increasing for larger
nanograss etch times. As explained in the introduction of this chapter this
effect is due to two different contributions: the change in the mechanical
properties and the change in surface area. In table 8.4 the coefficient αA
is calculated for the different devices following the reasoning below . The
DMSNG and the DMS0 can be written as
DMSNG =
∆fNG
ttefρtef
(8.12)
DMS0 =
∆f0
ttefρtef
(8.13)
where, the ∆fNG,tef and ∆f0,tef are the frequency shifts due to the teflon
deposition, ttef is the thickness of the teflon layer and ρtef is the density of
the teflon layer.
From equation 8.11 and using equation 8.12 and equation 8.13 αA can be
expressed as
114 A. Cagliani
Chapter 8
Etch time [min] αA type 1 αA type 2 αA type 3
1.5 1.07178
2.5 1.19949 1.02564
3.5 1.22322
4.5 1.20540 1.51935
Table 8.4: Table of αA
Etch time [min] αAK type 1 αAK type 2 αAK type 3
1.5 1.101
2.5 1.242 1.059
3.5 1.391
4.5 1.49 1.717
Table 8.5: Table of αAK
αA =
1
K
∆fNG,tef
∆f0,tef
(8.14)
Finally, the total improvement of the sensitivity KαA, calculated using
the values of K from table 8.3 and table 8.4, is shown in table 8.5.
The extra roughness introduced by the nanograss contributes 7% to the
sensitivity change for the 1.5 minutes etching time and up to 52% for the
devices etched for 4.5 minutes (see table 8.4). Instead, the total improvement
of the sensitivity is approximately 10% for the 1.5 minutes etching time and
up to 72% for the 4.5 minutes.
In order to have an other estimation of the improvement of the distributed
mass sensitivity the nanograss devices have been placed in a environmental
chamber, where the humidity could be controlled and the resonance fre-
quency monitored at the same time using the burst mode set-up (see Figure
8.9). The humidity is controlled by adjusting the ratio of dry nitrogen and
wet nitrogen (which passes through a bubbler filled with milli-Q water).
Three different devices have been tested on three different chips and the
adsorption curves of one chip are shown in Figure 8.10 for type 1 (the ad-
sorption curves for the others resonator types have been also acquired and
the behavior is very similar). In order to be sure that the resonator’s surface
was completely dry the tested chips were cleaned before the acquisition of
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the adsorption curve. The cleaning was performed by immersing the res-
onator in 2-propanol and drying it within the environmental chamber with
a continuous dry nitrogen flow. The adsorption curves were measured only
for the devices with a nanograss etching of 1.5 minutes, due to lack of time.
Even if the nanograss layer after only 1.5 minutes of etching presents very
small structures compared to higher etching times(see Figure 8.3(a)), the
improvement of the humidity sensitivity is remarkable. Considering the de-
vices with a clean surface the humidity sensitivity at zero humidity improves
from 101 [Hz/RH%] to 203 [Hz/RH%].
Figure 8.9: Chip chamber: two inlets for the RF probes, one for the humidity sensor and
one for the gas line
From these values the distributed mass sensitivity increase can be ex-
tracted by considering that the humidity sensitivity SH [Hz/%RH] can be
expressed as
SH =
∂f0
∂mw
∂mw
∂RH
=
∂f0
∂mw
∂mw
∂RH
Ad
Ad
= DMSgρg
∂tg
∂RH
(8.15)
where, f0 is the resonance frequency of the device, mw = ρgtgAd is the
mass of adsorbed gas on an area Ad with density ρg and DMSg is the
distributed mass sensitivity when a uniform gas deposition is performed.
Since the derivative of the thickness of the adsorbed layer with respect the
humidity is the same for the devices with and without nanograss, the ratio
SH,NG/SH is equal to the ratio DMSH,NG/DMSH . This implies that the
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Figure 8.10: Adsorption isotherms for the device without nanograss and with 1.5 minutes
nanograss
1.5 minute of nanograss etching improves the DMS for gas absorbtion by
101%. This value is much larger that the one obtained by Teflon deposition.
Inspecting Figure 8.3(a) it can be seen that the nanograss looks more like a
porous material than a cone-shaped layer. The pore size is well below 100 nm
and this could have resulted in a not perfectly conformal Teflon deposition
as it was expected, so that the Teflon layer does not perfectly follow all the
tiny holes of the nanograss rough surface, resulting in an underestimation
of the DMS after nanograss etching.
8.4 Conclusions
The experiments presented show how it is possible to improve the distributed
mass sensitivity of an LBAR by etching nanograss directly into the body
of the polysilicon resonator. The proposed model also permits to separate
the contribution due to the change in surface area from the change in the
mechanical properties. A nanograss layer with a thickness of 263 nm has a
mechanical contribution which increases the DMS by 13%, while the change
in surface increases the DMS by 52%, when measured using a Teflon de-
position. The improvement of the DMS, with a 70 nm nanograss, is 101%
when performing humidity experiments. The reason for the huge difference
in the two measurements is under investigation, but it is suspected that the
Teflon deposition was not as well conformal as expected. By multiplying the
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SH values before and after nanograss by the corresponding frequency noises,
shown in figure 8.7, the relative humidity resolution (at zero RH%) are found
to be 0.2% and 0.23% respectively. This means that the noise level must be
improved in order to exploit the augmented sensitivity. I believed that after
solving the drop in Q-factor and amplitude with a better alignment dur-
ing the microfabriaction, the nanograss devices could show a much better
resolution. Moreover, the devices with thicker nanograss (2.5, 3.5 and 4.5
minutes as etching time) will reveal higher humidity sensitivity as the teflon
experiments suggest. A set of experiments should be done by varying the
thickness of the teflon layer and also devices with thicker nanograss layers
should be tested in the environmental chamber.
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Summary, conclusions and
outlook
The goal of this PhD project has been to investigate bulk mode high fre-
quency mechanical microresonators with respect to mass sensing applica-
tions. Two basic geometries, disks and coupled beams, have been presented
and the definitions of the distributed mass sensitivity and point mass sen-
sitivity for these geometries have been derived starting from the general
Rayleigh-Ritz theorem. Bulk disks resonators working at 66 MHz and 132
MHz and LBAR resonators working in a range 12-66 MHz have been mi-
crofabricated integrating the actuation and readout electrodes. The main
issues of the microfabrication process have been highlighted, especially the
releasing problems, and few suggestions to improve have been given.
The actuation of the devices is performed electrostatically, applying an al-
ternate electric field across a narrow air gap, whereas the readout of the
mechanical current is done capacitively. The devices have been electrically
characterized with standard setups and with a novel pulsed based actuation
scheme. Using this last setup a frequency noise floor of 20 Hz(0.4ppm) in
air has been demonstrated for a 50 MHz device.
The devices have been characterized in terms of mass sensing in air by
depositing layers of gold and monitoring the frequency shifts. The highest
distributed mass sensitivity of 11.3 kHzµm2/fg was registered for a bulk
disk resonator working at 132 MHz, while minimum detectable mass of 8.7
pg/cm2 per unit area is achieved with the 66 MHz device in a open loop
configuration. Finally, the point mass detection has been characterized only
for the 66 MHz disk device using FIB deposition, resulting a minimum de-
tectable mass of 130 ag. The minimum detectable masses have been theoret-
ically estimated also for the LBAR devices and the 132 MHz disk, resulting
28 ag (in vacuum) and 59 ag (in air) respectively.
In order to demonstrate the capabilities of these devices as mass sensors
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three mass sensing experiments have been performed. For the first exper-
iment a collaboration with Dr. Fischer, who supplied the chemical back-
ground of the experiment, resulted in the successful detection of copper ions
in drinking water. Two different functionalization coatings, based on the
L-Cys and CGGH proteins, were tested and new insight on the interaction
between these molecules and copper ions was deduced.
The second experiment was performed at the Institute for Microelectronics
of Madrid, under the supervision of Dr. Javier Tamayo and concerned the
interaction between DNA and water molecules. The LBAR mass sensors
were functionalized with ssDNA SAM and the water adsorption isotherms
were acquired. Moreover, by heating the functionalized mass sensors under
humid environment the desorption of water molecules from the DNA hy-
bridized surface was studied. New insight on the interaction between water
molecules and DNA was obtained and could lead to a new paradigm of label
free detection of DNA hybridization.
The temperature behavior of the LBAR resonators have been studied in
vacuum and in humid environment. A resolution of 0.0003 ◦C under vac-
uum conditions in a open loop configuration has been measured. The two
contributions from the Young’s modulus and the geometrical expansion to
the temperature dependence have been isolated. Moreover, the temperature
dependence of the resonance frequency have been studied in humid environ-
ment, where effect of the water evaporation is relevant.
Finally, nanograss have been etched into LBAR resonators in order improve
the distributed mass sensitivity by increasing the roughness of capturing
area. A mechanical model was setup to understand the mechanical proper-
ties of the LBAR resonators after nanograss etching. The improvement of
the distributed mass sensitivity has been measured by a deposition of a con-
formal layer and by water adsorption, resulting respectively in a 72% and
101% increase.
On the whole, the experimental results demonstrate that new and highly
sensitive mass sensing systems, based on the MEMS microresonators pre-
sented in this thesis, could be developed. The state of the art performance
in gaseous environment in terms mass sensitivity as well as in terms of mass
resolution permit to imagine that a highly sensitive gas sensor system could
be implemented. In this gas detection system, the burst actuation scheme
would supply a parallel excitation to an array of bulk resonators with a low
frequency resolution, while the resonator sensitivity can be drastically in-
creased by nanostructuring with the nanograss.
Moreover, the results on the water DNA interaction and on the copper de-
tection demonstrate that these devices can be a valid and powerful tool to
study molecular interactions happening on the resonator surface with a very
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precise mass resolutions even in air. In this sense the important advantage,
compared to cantilever based sensors, is that the mass landed on the surface
can be directly related to the frequency shift.
9.1 Outlook
Several suggestions for the improvement of the microfabrication process have
been already illustrated in the related chapters. The most promising one is
the possibility of creating an opening in the handle wafer below the res-
onator. This would solve the release problems of the disks and drastically
reduce the parasitic capacitance.
The focus of this PhD project was manly on the characterization of the
mass sensitivity of the resonators. An important work that it has to be
carried out in the future, to improve further the mass resolutions, is a sys-
tematic investigation on the frequency noise of these devices.
One of the biggest advantages of this devices is the large Q-factor even
in air, so the natural further step would be the development of a device for
liquid operation. An interesting device in this direction has been designed
during this project, but not microfabricated due to lack of time. It is based
on two bulk disk coupled resonators (see the SEM simulation in Figure 9.1).
One disk would be surrounded by the electrodes and its movement would
actuate the entire structure. The actuating disk would remain dry, while the
sensing disk would be immersed in liquid. In this way an added mass on the
sensing disk would change the resonance frequency of the entire structure,
but at the same time the liquid would not compromise the electrical readout.
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Figure 9.1: Coupled disks for liquid operation
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Appendix A
Microfabrication process
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1 
LBAR and DISK bulk resonators  
1
ST
 Process Sequence 
 
In yellow are highlighted the steps that have been changed during the second microfabrication 
process.  
 
 
Step description 
 
 
Parameters  
 
 Notes 
 
1. 
Starting material 
Silicon low P-doped wafers  
 
 
 
 
 
 
 
Thickness: 550 m 
 
 
 
 
2. 
Deposition of PECVD SiO2 
 
PECVD1  
 
 
 
 
Thickness: 5 mm 
 
Recipe:  
SiH4 = 17 sccm
 
N20 = 1600 sccm 
RF = 380 kHz 
Power = 380 W 
Temp chuck = 300 C 
Dep. Time = 27’:07’’ 
 
 
 
 
 
 
 
3. 
Check thickness 
 
FilmTek 
 
 
Thickness SiO2 
 
Mean = 5296-5084 nm 
Std. =128 nm 
 
 
 
 
Deposition rate 186-206 
nm/’ 
4.  
RCA 
For all wafers 
 
  
5.  
Deposition of LPCVD 
POLYSILICON 
 
3 m of  undoped polysilicon in 
LPCVD furnace 
 
First deposition thickness = 2 m  
Second deposition thickness = 1 m 
 
Recipe Poly_slow: 
SiH4 = 80 sccm 
Pressure = 250 mTorr  
Temperature = 620 C 
 
 
2 
 
 
6. 
Check thickness 
 
FilmTek 
 
 
Thickness of the final Polysilicon layer 
 
Mean = 2133+855 =2913 
Std. = 45.5 nm 
 
Deposition rate 12.77 nm/’ 
 
 
 
 
 
7a. 
Phosphorous Doping 
 
The polysilicon is N-doped 
 
Phosphorus predeposition furnace 
Time = 00:40:00 at 1000 C 
 
Phosphorus drive-in furnace  
Time = 00:37:00 + 1h annealing at 
1100 C 
Recipe: 
WET1100 
 
Final thickness  
 
Thickness oxide = 523 nm 
 
Thickness polysilicon = 
2650 nm 
 
8a. 
Check resistivity 
 Blue tape on one wafer 
on the front side 
 BHF for 8 minutes 
 4PP 
 
 
Resistivity = 10
-3
 [ohm x cm] 
 
 
 
Good uniformity 
 
9. HMDS + AZ Resist 
Track1 2.2 m of AZ5412E 
resist  
 
 
 
 
10. 
Exposure 
 
KSAligner 
 
 
Mode = hard contact 
Time = 7 sec. 
 
 
The exposure time has 
been optimized to preserve 
the tiny 1.5 m anchors. 
 
11. 
Development 
 
 
Solution = 1:5 NaOH 
Time = ~70 sec. 
 
 
Make a test with 2-3 wafers 
to check the time. Check 
anchor dimensions. 
 
12. 
Oxide Ecth 
 
RIE1 
 
 
 
Recipe: Descum +1Sio2mre 
 
CF4 = 14 sccm 
CHF3 = 26 sccm 
Pressure = 100 mTorr 
RF power = 60 W 
 
Time = ~18 minutes with EDP 
 
 
Use the EDP to abort the 
etching and check the 
wavelength.  
 
13. Etching of polysilicon  
 
ASE 
 
 
Recipe: jhh_SOI 
 
SF6 = 40 sccm 
C4F8 = 90 sccm 
Etch rate 330 nm/min 
3 
Etch the 3 m of polysi  
 
Pressure = 15 mTorr 
Platen Power = 10 W 
Coil Power = 800 W 
 
Time ~16’:30”  
 
 
14. 
Stripping AZ 
 
 
 
 
 Acetone rough 
 Acetone fine 
 Plasma Asher 
 
 
 
15.  
RCA 
For all wafers 
 
 
 
 
16.  
LPCVD TEOS deposition  
 
 
2 thicknesses of silicon dioxide 
120 nm and 140 nm. 
 
TEOS = 50 sccm 
O2 = 30 sccm 
Temperature = 725 C 
Pressure = 150 mTorr  
 
Time  ~10 minutes 
 
 
 
 
 
17a.  
Electrodes Polysilicon 
Deposition 
 
LPCVD furnace 
 
 
 
 
 
 
 
 
 
 
 
 
2 thickness tested: 3 and 5 m 
 
2-3  consecutive depositions 
with recipe Poly_slow 
 
Thickness 3 = 2+1 = 3 m 
 
Thickness 5 = 2+2+1 = 5 m 
 
 Poly_slow: 
SiH4 = 80 sccm 
Pressure = 250 mTorr  
Temperature = 620 C 
 
 
18a. 
Phosphorous Doping 
 
The polysilicon is N-doped 
 
Phosphorus predeposition furnace 
Time = 00:40:00 at 1000 C 
 
Phosphorus drive-in furnace  
Time = 00:37:00 + 1h annealing at 
1100 C 
Recipe: 
WET1100 
 
 
Final thickness  
 
Thickness oxide = 523 nm 
 
Thickness polysilicon 3 = 
2650 nm 
 
Thickness polysilicon 5 = 
4750 nm 
 
19a. 
Check resistivity 
 Blue tape on one wafer 
on the front side 
 BHF for 8 minutes 
 4PP 
 
Resistivity = 10
-3
 [ohm x cm] 
 
 
 
Good uniformity 
4 
 
 
20. HMDS + AZ Resist 
 
HMDS and Track1 to spin coat 
with AZ5412E  
 
2.2 m for the 3 m polysilicon 
 
1.5x3 m for the 5 m polysilicon 
 
2 different thicknesses of 
resists are used to ensure 
good coverage 
 
21. 
Exposure 
 
KSAligner 
 
2.2 resist 
Mode = hard contact 
Time = 10 sec. 
 
1.5x3 resist 
Mode = hard contact 
Time = 24 sec. 
 
 
The resist has been 
overexposed to be sure 
that no residual resist is 
present right below the 
overhang. 
 
22. 
Development 
 
 
Solution = 1:5 NaOH 
Time = ~70 sec. 
 
 
Make a test with 2-3 wafers 
to check the time. Check 
anchor dimensions. 
 
27. Etching of polysilicon 
electrodes  
 
ASE 
 
 
Recipe: jhh_SOI 
 
SF6 = 40 sccm 
C4F8 = 90 sccm 
Pressure = 15 mTorr 
Platen Power = 10 W 
Coil Power = 800 W 
 
Time ~ 32 minutes 
 
 
 
 
23. 
Stripping AZ 
 
 
 
 
 
 Acetone rough 
 Acetone fine 
 Plasma Asher 
 
 
 
24. HMDS+AZ resist 
 
HMDS and Track1  
 
 
AZ5412E 3x1.5 m = 4.5 m 
A thick 4.5 m layer in one 
deposition leaves bubbles 
 
25. Exposure 
 
Negative process for lift-off 
 
 
First Step 
Mode = hard contact 
Time = 8 sec. 
 
Second Step 
Soft Baking 
Time = 120 sec. 
Temperature = 120 C 
 
 
 
5 
Third Step 
Mode = flood  
Time = 60 sec. 
 
 
26. 
Development 
 
 
Solution = 1:5 NaOH 
Time = ~ 120 sec. 
 
Make a test with 2-3 wafers 
to check the time.  
 
27. Descum  
  
Plasma Asher 
 
 
Recipe: 
Power = 400 W 
O2 = 300 sccm 
Time = 1 minute 
 
 
 
28. BHF 
 
 
Time = chek when the oxide is etched 
 
 
29. Metalization 
 
e-beam evaporator 
 
 
 
Thickness of Cr = 10nm 
Thickness of Au = 200nm 
 
30. Lift-Off 
 
 
Lift-off with sonication ~20 minutes   
31. sawing  
 
 
 
 
 
In the second microfabrication process the Phosphorus doping was replaced by 
Boron doping using the steps below 
 
7b. 
Boron Doping 
 
The polysilicon is P-doped 
 
PECVD predeposition of BSG 
 
Recipe ZD_BSG: 
Time = 2:30 minutes 
 
Drive-in furnace  
1h annealing at 1100 C 
 
 
 
Final thickness  
 
Thickness oxide = 605 nm 
 
Thickness polysilicon 3 = 
2933 nm 
 
 
 
8b. 
Check resistivity 
 Blue tape on one wafer 
on the front side 
 BHF for 8 minutes 
 4PP 
 
 
Sheet resistance of 7.9 ohm/cm
2
 
 
Good uniformity 
 
Appendix B
Preliminary data for the
DNA experiments
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Figure B.1: Adsorption isotherm for a 25 bases DNA sequence. The DNA isotherm is
above the gold isotherm as it is for the 16 bases sequence.
Figure B.2: Frequency/temperature slopes measured with LBARs functionalized with
a 25 bases DNA sequence. The hybridized curve lies below the others as it is for the 16
DNA sequence, but the difference between DNA and DNA-hyb is less pronounced.
148
Figure B.3: Frequency/temperature slopes measured with DISKS functionalized with a
16 bases DNA sequence. The hybridized curve lies below the others as it is for the LBAR
devices, but the difference between DNA and DNA-hyb is less pronounced and the range
of slopes is different.
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